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METER AND DECAMETER WAVELENGTH POSITIONS
OF SOLAR BURSTS OF JULY 31-AUGUST 7, 1972

M.R. KUNDU and W. C. ERICKSON
Astronomy Program, University of Maryland, College Park, Md., U.S.A.

(Received 24 August, 1973; in revised form 30 January, 1974)

Abstract. The positional analysis of solar bursts at meter and decameter wavelengths observed during
the period July 31-August 7, 1972 is presented. Most of the activity during this period was associated
with the active regions McMath 11976 and 11970. Except near the CMP of region 11976, two regions
of continuum emission were observed — one a relatively smooth continuum and the other a con-
tinuum superimposed with many type III’s and other fine structure. It seems possible to interpret
these continua in terms of plasma waves originating from two sources located at different heights
or with different electron density gradients. The angular size of type III sources seems to increase
with decreasing frequency. This implies that the open field hnes along which the type III electrons
travel have larger angular extent at greater heights.

1. Introduction

During July 30-August 7, 1972, a series of solar radio storms occurred. These storms
produced intense type III bursts and continuum storms in the frequency range
10-120 MHz. Studies of these bursts and other associated electromagnetic radiation,
including the Ha flares, have appeared in a number of published papers. In the present
paper we present the results of positional analysis of burst sources in the range
.10~120 MHz during this period of spectacular solar flare activity.

The observations were taken with two arrays — a log periodic array of 16 elements
situated on an E-W base line of 3.3 km (Erickson and Kuiper, 1973) and portions
of the new Clark Lake array in the form of a Tee (an E-W arm of 32 log spiral
antennas and a N-S arm of 16 similar antennas). The new array (Erickson, 1973)
operates over the frequency range 10~120 MHz and has angular resolutions of approx.
3!5 at 100 MHz and 8'5 at 40 MHz in the E-W direction. In the N-S direction the
instrument has a resolution of 6’ at 100 MHz and 15" at 40 MHz

During this period the activity was often so complex that we represent it only
by ‘snapshots’ taken at representative times. We then note the times when significant
changes appear to occur. Positions -will be given for the apparent center of activity.
No corrections have been made for ionospheric refraction and the positions are most
reliable within about 2 hr of solar transit (~ 1945 UT). In assessing the significance
of the positions that we give, the limited angular resolution of the instrument and
the large angular size of some of the emissive regions must be borne in mind.

A photograph of some of the original data is presented in Figure 1. In Figures 2
to 5 we diagramatically represent the data. We generally give three positions, a high
frequency position in the 90-110 MHz range, an intermediate frequency in the 60—
80 MHz range and a low frequency in the 30-50 MHz range. The lower frequencies

Solar Physics 36 (1974) 179-189. All Rights Reserved
Copyright © 1974 by D. Reidel Publishing Company, Dordrecht-Holland
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Fig. 1. Radio spectrograms of solar continuum obtained during the period 1848-1930 UT on
August 2, 1972. These recordings were taken with swept frequency receivers attached to the output
of and E-W grating arrays. The receivers sweep the 20 to 120 MHz spectrum twice per second; as
they sweep, lobes of the grating array’s response cross the Sun. Determination of time and frequency
gives the position of the source. The rather steady sloping bands of continuum originate in regions
Ca and Cb as shown in Figure 2. The type III bursts at 1918-1920 UT originate in a region in the
S-W (see Figure 2). Interference below 30 MHz and FM transmissions in the 88 to 108 MHz are
plainly visible.

are omitted when the Sun is far from transit, since they would be seriously disturbed
by ionospheric refraction.” The exact choice of frequencies for each measurement
depends upon the frequency range of the emission, the positions of the antenna lobes
and freedom from terrestrial interference.

If two identical sources are scanned with the perpendicular fan beams of our
system, the data are generally ambiguous because the two fan beams intersect at four
points where the sources could be located. However when we observe double regions

ra
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of solar emission this ambiguity practically never arises because we can easily cor-
relate the intensity variations observed with the E-W and N-S arrays to uniquely
determine the position of each source.

2. Observations

The activity in the frequency range 20-120 MHz during the period July 31-August 7,
1972 was mostly in the form of type III and continuum events. The type III's appeared
to be associated with two regions McMath 11976 and 11970, and after August 3,
possibly also with the region 11977. The source of continuum emission which was
sometimes double in structure was associated only with the region 11976. In what
follows we give a brief description of important features of the 20-120 MHz activity
by means of selected ‘snapshots’ (Figures 2 to 5).

Several type III bursts observed on July 31 between 1833 and 2014 UT were
apparently associated with the region 11976. The burst source (only E-W position
available) was situated about 1.3 Ry E from the center of the Sun. On August 1,
a strong group of III’s observed between 2118.5 and 2120.5 UT was most likely
associated with the region 11970. The burst position showed considerable dispersion
in frequency (Figure 2). On August 2, a continuum source apparently associated with
the region 11976 existed from the start of the observations. Type III bursts were
occurring frequently on this day and until 1907 UT were all located near the S-W
limb, apparently associated with the region 11970. A type V was observed at 1801.5-
1803 UT below 65 MHz and was considerably displaced in position from the ac-
companying type III. Around 45 MHz the type V was distinguished from type III
by its narrow angular size (Figure 2). The large impulsive flare that occurred in region
11976 at ~ 1840 UT produced no radio emission in the 20-120 MHz range. However,
at about 1900 UT a second continuum appeared at ~0.2 R, E of the first continuum
in the 70 MHz frequency range, also apparently associated with region 11976. It was
smooth and of small angular size. At 1907.5 the first type III occurred in the N-E
quadrant (Figure 2) - possibly associated with the activity in McMath 11976. At
1918 UT there was another strong type III group in the S~W quadrant (Figure 2).
Dodge (1973) placed this type II group in the N-E quadrant but a glance at Figure
1 shows that the lobes of this group are clearly to the high frequency (western) side
of the continuum source. About 1920 UT the second continuum intensified in the
80 to 110 MHz range and by 1924 UT the two continuum sources were clearly
resolved at 110 MHz (Figure 2) and the second one became bursty. At 70 MHz the
two continuum sources were unresolved in the E-W direction and barely resolved
in the N-S direction. At 40 MHz the continuum source was of large angular size
and was centered S-E. At 2018 UT a type IIIg occurred at high frequencies (~ 100
MHz) at the N-E limb. This region developed into a continuum which started to
increase in intensity after 2018 UT below 50 MHz. By 2033 UT the emission spread
over the entire frequency range 20-120 MHz and saturated the receiver. This ex-
tremely intense emission was associated with the second large flare in region 11976
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at 2000-2030 UT. It is remarkable that this second flare which was very similar in
structure to the one that occurred at ~ 1840 UT produced strong radio emission
whereas the first one did not produce any obvious effect. At 2100 UT the continuum
was in the N-E quadrant; it was strong in intensity and so large in angular size
that its possible double structure could not be discerned. The 40 MHz position
appears to be displaced to the east (by about 1 R,) from the 100 and 70 MHz position.
This shift is possibly due to the ionospheric refraction. About 2118 UT there were
two reasonably smooth and distinct continua at higher frequencies of 100 MHz
(Figure 2). At lower frequencies of 70 and 40 MHz we could recognize only one
continuum which appears to have been disturbed by the ionospheric effects (Figure
2). Often the distinction between bursty and smooth continua is quite arbitrary. On
many occasions a source will appear relatively smooth in the 100 MHz region while
it is bursty at lower frequencies and appears as though it were the result of the
superposition of many type III’s or type I’s. This is illustrated quite clearly in Figure
1 between 1848 and 1906 UT. On the other hand, there do exist definite type III’s
which are usually displaced from the continuum (e.g. at 1919 UT in Figure 1).

On August 3, smooth continuum existed all day - situated about 0.4 R, E from
the center (Figure 3). There was only small dispersion in position with frequency.
Around 1742 UT, starting at higher frequencies and spreading gradually to lower
frequencies there appeared groups of short duration (~1 s) narrowband (2-3 MHz
wide) type I-like bursts. But about 1745 UT these bursts occurred at random over
the entire frequency range and continued throughout the day.

The smooth continuum continued through the first part of the next day (August
4). During the period 1600-1800 UT the continuum at 110 MHz was located ~0.2 R,
S from the center (Figure 3). The angular size of the continuum was large (~1.2 R,)
at 60 MHz and smaller at 30 MHz. Below about 50 MHz the emission consisted
mostly of type III’s superimposed on a weak continuum. The type I1II's were located
in the same position as the continuum (on-band), between the regions McMath 11976
and 11977. At 2030 UT the continuum position at frequencies above 70 MHz re-
mained near the center but it was shifted by 0.8 R, to the SE at lower frequencies
where the emission was mostly type III’s.

On August 5, both continuum and type III’s were still observed. At 1830 UT, the
continuum at 110 MHz was barely resolved, indicating possible double structure. The
two components (both narrow in size) were located at the center and 0.2 R, W. At
1900 UT the continuum source was definitely double at both 100 and 70 MHz and
was located in the N-W quadrant at 0.3 R, and 0.8 R, from the center. At lower
frequencies the emission consisted mostly of type III's located at the W-limb. At
1924 UT the continuum located near the center became bursty at 100 and 70 MHz;
at 40 MHz only one bursty continuum appeared at 0.7 R, W from the center. Later
the continuum at 40 MHz showed double structure and the easterly one was bursty
as shown in Figure 4 for 2018 UT. By 2100 UT the previously observed smooth
continuum source at 100 MHz had almost died and the bursty continuum became
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Fig. 5. Positions of bursts for August 7, together with the McMath-Hulbert calcium report and
the Fe xv line (284 A) map obtained by the NASA-GSFC OSO-7. The positions are indicated in
the same way as in Figure 2.
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smooth and stronger (Figure 4). At 70 MHz a part of the smooth continuum was
still visible, the two positions being in the N-W quadrant at 0.4 R, W and 0.7 R, W.
At 40 MHz the continuum source with type IIl’s was of large angular size and was
located at a position intermediate between those of the two continua observed earlier.

On August 6, the emission was mostly smooth continuum except that there were
some on-band type II’s randomly distributed around 1700 UT. The intensity was
stronger at higher frequencies. The source was located about 0.8 R, N-W, with some
dispersion in position (Figure 4). At 40 MHz the emission consisted mostly of type
IIT’s plus a very weak continuum.

On August 7, a great flare occurred around 1510 UT in the region McMath 11976,
with its maximum at 1530 UT. Our observations began at 1600 UT in the post-
maximum phase of the flare. Initially, the continuum was smooth; very strong at
lower frequencies and weak at the high frequency end. At 70 MHz it was located
at an apparent position of 2.5 R, S-W. At this time of the day there may have been
considerable ionospheric refraction effects at 70 MHz. At 1700 UT the source was
double — 1.3 R, S-W and 1.2 R, N-W at 70 MHz (Figure 5). The northern source
was bursty. Both continuum sources were weak at higher frequencies. Groups of
type III’s continued to occur between the two continuum sources as well as on both
continuum sources. By 1900 UT the continuum was very weak at higher frequencies.
At 35 MHz the source was double — located at 1.1 R, S-W and 1.8 R, N-W (Figure
5). At 1905-08 UT the northern bursty continuum source became smooth and moved
to the west (Figure 5) from 1.8 R, at 1900 UT to 2.2 R, at 1906 UT. This motion
corresponds to a velocity of 14004400 km s~!. This moving source appears to be
an ejection from the continuum source ‘C,’ and by 1909 UT it had disappeared
completely. By 2018 UT both continuum sources appeared at lower frequencies; they
were fairly smooth and were located at 1.0 R, S-W and 1.4 R, N-W (Figure 5). At
2100 UT the source had the same appearance.

3. Discussion

Most of the activity during the period July 31-August 7, 1972 was associated with
the regions McMath 11970 and 11976; another region McMath 11977 possibly
became active after August 3. One important characteristic of the region 970 was
that no continuum was observed in association with it; only type III’s and a type
V were observed from this region. The radio emissive activity in region 970 generally
intensified during the period of strong activity in region 976. Indeed, the strong type
I1Ig that occurred at 2100 UT on August 2, followed the maximum of the flare that
occurred in region 976.

The continuum emission during this period appears to be associated mostly with
the region 976. Frequently, the source was double with one component a relatively
smooth continuum and the other a continuum with superimposed type III’s and other
fine structure. It is interesting to note that the double structure of the source dis-
appeared around the central meridan passage (CMP) of the region (August 3-4) and
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appeared again on August 5. On August 6 we also observed only one component
but the intensity of the emission had decreased considerably and one of the com-
ponents may have been too weak to be observed.

The sources at decameter wavelengths (40 MHz), whether they produce continuum
or type III’s appear to be very well associated with corresponding regions on the
0SO-7 maps of Fe xv line at 284 A (see Figures 3, 4 and 5). This close correspondence
between the two possibly indicates that the decametric emissive regions originate in
about the same level of the Sun’s corona as the Fe xv line.

In general, there appears to be some dispersion of continuum position with fre-
quency. This is true for observations near local transit and when the source is away
from the disk-center. For observations at large hour angles, ionospheric effects may
be important and the frequency dispersion is not always apparent. We might remark
that the continuum sources are narrower in angular size at higher frequencies than
at lower frequencies. In general, the sources appear very broad at 40 MHz, especially
when the continuum is strong. The size at low frequencies also appears broad when
there are type III's superimposed on the continuum. The continuum source at both
meter and decameter wavelengths appears to be stationary and it shows some disper-
sion in position with the frequency. It is generally accepted that such stationary
continuum radiation can be produced by Cerenkov plasma waves.

The observed double structure of the continuum source is obviously related to
the existence of two separate component sources. If the two component sources were
displaced laterally, there would be greater separation between them near the CMP
of the region. The fact that the double structure appears only when the region is
away from the CMP may imply that the two component sources are situated at
different heights. A consequence of this displacement in height is that the higher
source should appear farther from the center on either side of CMP. This seems
to have been observed, although we cannot unambiguously distinguish between two
components, since both contain bursty structure.

As we know, the continuum emission results from plasma radiation propagating
in the ordinary mode in a strong magnetic field (Takakura, 1963). Therefore, it is
conceivable that the two component sources are situated either along two streamers
with different densities or more likely, one along a streamer with open field lines
and the other in the strong magnetic field lines above an active region, somewhat
similar to the model proposed by Stewart and Labrum (1972). Open field lines provide
a path for the type III electrons; the electrons seem to be ejected continuously from
the continuum which therefore appears bursty. The relatively smooth continuum
source is situated in the closed field lines. In our frequency range, we see very few
type I's on the continuum; sometimes at the lower frequencies we see type I ~ like
bursts constituting and superimposed on the continuum. In this context, we might
consider the mechanism proposed by Gordon (1971), in which the low phase-
velocity plasma waves (responsible for type I bursts) are scattered to high phase
velocities (0.1-0.6 c). These waves are ultimately responsible for the acceleration of
type III electrons. One consequence of such a mechanism is that it may produce
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type I and type III bursts from the same source; this seems to have been observed
to some extent. This simple interpretation seems to be borne out by the result that
the continuum systematically appears at a lower height than the type III’s. The only
exception to this appears in the case of the flare-associated continuum observed on
August 7, 1900 UT. We believe that in this case we were dealing with a continuum
at decametric wavelengths, that had been ejected from the parent smooth continuum.
In the Stewart and Labrum model one distinguishes between the type I and type III
sources. However, at decameter wavelengths (~40 MHz) we often see continuum
with superimposed fine structure which resemble type III’s rather than type Is.
Indeed, it is often extremely difficult to distinguish continuum from almost con-
tinuously occurring sources of type III’s at decameter wavelengths. In their model,
Stewart and Labrum postulated that the type III electrons are accelerated near the
observed 80 MHz source position and that the required energy is released by the
triggering of a magnetic instability at this point by a magnetohydrodynamic dis-
turbance propagating from the type I source region. We often observe a relatively
smooth continuum in the 90-120 MHz region; this continuum source, situated in
the strong field lines above an active region, is a likely source of mhd waves. When
sufficiently energetic mhd waves reach the top of closed field lines and trigger an
instability at the cusp of a helmet magnetic structure, type III bursts begin to be
observed. Our observations indicate that this height, where type III bursts start, is
situated around 50-60 MHz plasma level.

We would like to draw attention to another property of type III bursts. The angular
size of strong type Il increases with decreasing frequency and sometimes reaches
up to 4-5 R, at 40 MHz. However, we should point out that these intense low
frequency bursts saturated the records and accurate angular size measurements were
difficult. We do not believe that this large size can be fully accounted for by coronal
scattering. Consequently, this result would imply that the open field lines along which
type I1I electrons travel has a rather large lateral extent.
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Abstract. The characteristics of four moving type IV bursts, observed with the 65-20 MHz swept-
frequency interferometer of the Clark Lake Radio Observatory are discussed. All four bursts were
associated with depletions in the electron content of the white light corona. Characteristics of the
bursts are not unique, i.e. they differ in source size, structure, duration and their association with
other radio bursts. Following Smerd and Dulk (1971) we believe that a shock wave, moving out from
the flare site is responsible for the expansion of a magnetic arch or the ejection of a plasmoid which is
observed as the usual type IV burst. Behind the shock wave, the compressed coronal gas moves
outward, and as it expands it causes a depletion of electrons in the inner corona. After the passage
of the shock wave, sometimes the coronal magnetic field structure is restored to its initial situation,
as evidenced by the observation of homologous transients.

1. Intreduction

Coronal transient-events during which an entire coronal feature is depleted have
been observed on a number of occasions in recent years. These events are well observed
in the K-corona (Hansen et al., 1971); in the inner corona they are sometimes seen
as realignments or accelerated expansion of an arch system in the green coronal line
(45303 A)(De Mastus and Wagner, 1973). They are usually, but not always, associated
with strong moving type IV bursts in the meter and decameter wavelength range. In
this paper we present the characteristics of some of these bursts as observed with the
swept frequency interferometer of the Clark Lake Radio Observatory operated by
the University of Maryland. This array (hereinafter referred to as the L.P.A.) con-
sists of sixteen log-periodic antennas, equally spaced on a two mile east-west baseline.
The array is swept in frequency over the range 20-65 MHz once per second. This
system gives the one dimensional position and angular size of emissive regions on the
Sun nearly simultaneously at all frequencies. The array beam spacing and width are
such that only one beam is on the Sun at one time. The angular resolvtion is about §’
at 60 MHz decreasing to 15" at 20 MHz. A more detailed description of this instru-
ment was given by Erickson and Kuiper (1973).

2. Observations

A. THE EVENT OF MAY 13, 1971

A coronal depletion associated with a flare spray was observed on May 13, 1971.
The flare (of importance 2B) which took place in the region McMath 11294 started at
1751 UT, and reached its maximum at 1756 UT. Bursts at 10 cm wavelength were
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Fig. 1. Positions of the type IV and associated type Il bursts observed on May 13, 1971, at 60,
50 and 40 MHz. The crosses refer to the continuum emission, filled circles indicate the type III bursts.

reported by the Sagamore Hill Observatory at 1751, 1826, and 1906 UT. These bursts
reached maxima at 1801, 1835, and 1923 UT respectively. A moving type IV burst
was observed at decameter wavelengths starting at 1812 UT. The motion of the
source at 60, 50, and 40 MHz is illustrated in Figure 1. Assuming the movement to
be radial, the burst source at 60 MHz moved from 1.9 R to 2.5 R, in about 6 min.
It was observed at this height until 1830 UT and then it faded. At 40 MHz the burst
was observed for a longer period; it continued to move until about 1835 UT, ascending
to 3.2 Ry. Several type III bursts were observed during the occurrence of this type IV
burst, some of them coincident in position with the type IV source at 40 and 50 MHz,
even at altitudes as high as 1-2 R above the limb. On the other hand, some type III
bursts occurred closer to the Sun’s center than the moving type IV source. The moving
type IV disappeared after 1835 UT. A continuum was observed below 50 MHz once
again during the period 1900-1920 UT. Some type III's occurred during this phase,
more or less coincident in position with the continuum.

B. THE EVENT OF MAY 14, 1971

The same active region gave rise to another coronal transient on May 14; it was also
associated with a type IV burst. At the time of occurrence of this event, the active
region (McMath 11294) was approximately 15° behind the west limb. No flare or
other optical activity was observed. A 10 cm burst started around 1756 UT reaching
its peak at 1759 UT.
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In our frequency range, 20 to 65 MHz, continuum radiation started at 1800 UT
at 65 MHz and extended gradually to lower frequencies. In Figure 2 is plotted as a
function of time the lowest frequency at which the burst was observed. The drift of
the burst from high to low frequencies as indicated in the figure is interpreted to be
due to the gradual emergence of the source as it ascends through the corona. It is
believed that a plasma cloud containing energetic electrons is responsible for the
synchrotron radiation of the moving type IV burst. As the plasma cloud moves
upward through the corona progressively lower frequencies become visible. The heights
corresponding to the plasma frequencies in a two times Newkirk streamer model are
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Fig. 2. Gradual emergence of the type IV source of May 14, 1971. Radial distances correspond to
a two times Newkirk streamer model.

also indicated in Figure 2. Assuming that the burst moves out radially and that the
densities are given by the above mentioned streamer model, we derive from the drift
a velocity of 800 km s~ . This velocity agrees closely with the observed velocity of
the source, which was 830 km s™* at 60 MHz and 600 km s™* at 40 MHz. (Table I).
The burst reached maximum intensity at 1815 UT at all frequencies. The initial width
of the source was 0.7 R, at 60 MHz and 1.2 R at 30 MHz but it broadened to 1.2 R
and 1.8 Ry respectively in about 4 min. The reason for this apparent broadening is
possibly due to the fact that the source became split into two components, one of which
moved out to a distance of 3.8 R, and disappeared at 1825 UT. The other source
remained stationary at a height of 2.5 R, and was visible unti} 1832 UT. It brightened
again at 1855 UT, remaining at the same position for another 10 min and then it
gradually faded. This source possibly corresponds to the late, stationary phase of the
type IV event, as described by Pick (1961). A group of type I11 bursts was observed at
the position of the stationary source at 1953 UT. The detailed motion of both com-
ponents as seen at 50, 40, and 30 MHz is represented in Figure 3.
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Fig. 3. Positions of the type IV bursts observed on May 14, 1971 at 50, 40 and 30 MHz.

C. THE EVENT OF FEBRUARY 17, 1972

A major coronal event took place on this day. A surge in Ho was observed at the
east limb from 1830 to 1920 UT, moving radially outwards. Another Ha surge occur-
red south of the first one during the period 1943-2002 UT. At radio wavelengths, we
observed groups of type III bursts during the periods 1824-1831 UT, 1915-1918 UT
and 1929-1938 UT. The first two groups were moderately intense whereas the last
one was very intense and was followed by weak type V emission. From positional
analysis it appears that these type III groups were not related to the coronal event
that took place afterwards. The first group is situated 0.2 R, west of the center of the
disk over the entire frequency range. The position of the second and third group is
0.6 R above the west limb. Two isolated type III bursts occurred later, from 2000
to 2033 UT, over a more limited frequency range extending from 65 MHz to about
50 MHz. The position line corresponding to these bursts lies 1.2 R, east of the center
of the disk.

A coronal depletion took place at a height of 1.31 R, (Figure 6b) between suc-
cessive scans of the coronal activity monitor (Mauna Loa, Hawaii) beginning at
1826 and 2110 UT. The change ,which was also observed at 1.82 R, took place above
the south-eastern part of the limb, (Wagner et al., 1973). A type IV burst was seen
moving off the east limb (Figure 6c) from approximately 2050 to 2110 UT showing
good coincidence in position, as well as in time with the activity observed in the
K-corona.

In the green coronal line (15303) the transient was observed as an expansion of the
pre-existent arch system (2033-2038 UT) followed by ejection of material (2035-
2040 UT) and finally a realignment of the arch system (2038-2041 UT) (De Mastus
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and Wagner, 1973). An intense centimeter burst started at 2035 UT simultaneously
with the coronal phenomenon and reached maximum at 2134 UT. At meter and
decameter wavelengths the event started with a group of type III bursts. This was
followed by a type 1V burst and two harmonically unrelated type II bursts. The swept
frequency interferometer record is shown in Figure 4. The type II bursts can be re-
cognized because of the drifting structure and their high intensity relative to the under-
lying continuum. Further, the fringe systems originating from the type II bursts merged
with that due to the type IV burst. As a consequence we can only measure the posi-
tion of the centroid of the combined type Il-type IV sources for the duration of the

30 T T | T T T
Mhz Feb. 17, 1972
40k . -
50 -
L]
60|
| | l 1 |

-5 -4 -3 -2 I 2 3

R/R, EAST WEST R/R,

Fig. 5. Source position vs frequency of the combined type IV-type Il sources observed on February
17,1972 at 2053 UT. Triangles refer to the positions of the edges of the fringe, full circles to the center.
Note that the two maxima at 46 and 59 MHz correspond to the two type IT bursts (see text).

type II bursts. The ascending motion of the type IV source continued after the type 11
sources disappeared. Because of the merging of the two fringe systems, the source
appears broader at the frequencies where the type II is observed than at other fre-
quencies. This is seen clearly in Figure 5, where we have plotted at time 2053 UT the
positions corresponding to the mid-points as well as the edges of the fringes as a func-
tion of frequency. One can clearly see two maxima in the angular size of the source at
46 and 59 MHz indicating the presence of two type Il bursts. From the frequencies
of such maxima at different times the drift rate of the bursts can be calculated. The
drift rate turns out to be 0.04 MHz s~ ! and 0.06 MHz s~! for the first and second
burst respectively (Figure 6a). Figure 6b shows two scans at 1.31 Ry of the K-corona,
one before and one after the transient. The coronal feature which was depleted is
cross hatched. Referring to Figure 6c, we see that the type IV source moved outward
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Fig. 6. (a) Frequency drift of the two type II bursts observed on February 17, 1972. (b) Scans of the

K-corona at 1.31 R before and after the transient event (courtesy of R. T. Hansen). (c) Source

positions at 60, 50, and 40 MHz of the same event. Crosses indicate the continuum, triangles the .
centroid of type IV and type II emission, circles the type III burst.

from the center. Assuming this motion to be radial and over the observed K-coronal
feature that disappeared, we can compute the positions of the type IV source at dif-
ferent times. The moving burst started at a height of 1.5 R, ascending to maximum
height of 2.5 R, at 60 MHz in approximately 16 min thus moving at a velocity of
730 km s~ 1. The source became stationary at this height radiating for another 20 min
approximately. The difference in the position at different frequencies during the first
part of the movement is probably due to the fact that during this period we measure
the position of the centroid of the type II and type IV bursts. The late, stationary
source showed significant dispersion, the higher frequencies lying closer to the sun’s
center than the lower frequencies.

D. THE EVENT OF AUGUST 12, 1973

No flare was observed in association with this event, but a surge was reported on the
west limb (latitude N25°) starting at 2022 UT (Lincoln and Leighton, 1972). Coronal
observations from Hawaii showed an Ho spray extending to 1 R, above the limb
at a latitude of N29°. The optical and the radio burst activity appear to be associated
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with the region McMath 11976 which was responsibie for the series of spectacular
flares and radio storms observed in August 1972. At the time of the present observa-
tions the region was 17° behind the west limb.

A centimeter burst started around 2035 UT, reaching maxima at 2040, 2044 and
2122 UT. A weak type III burst was reported at 2038 UT (Riddle, 1973) in the
frequency range 8-80 MHz, but is not present on the Clark Lake records. The major
radio event in the 65-20 MHz range started at 2056 UT and it was of continuum type.
The emission was weak, but constant in intensity throughout the whole event and was
seen mostly in the frequency range 50-30 MHz. This is possibly due to an instrumental
effect, since the sensitivity of the receiver is somewhat higher in this range.

Figure 7 shows the Fraunhofer map for this day. The ascending prominence is
superimposed on the map at the position where it was seen at 2059 UT. We indicated
on this map the average position line for the frequencies 50-40 MHz at a number of
times. The broken line indicates the fringe line, corrected for ionospheric refraction
at 2059 UT, assuming that all frequencies originate from the same source. In this
case the positions corresponding to different frequencies were fitted to a function
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Fig. 7. Position lines of 40-50 MHz emission at different times during the August 12, 1972 event
are shown, superimposed on a composite picture of the Fraunhofer Institute map and the ejected
prominence at 2059 UT.
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where A represents the true positions of the source at a given instant of time and the
term Bf ~2 accounts for ionospheric refraction effects (Kuiper, 1973). We note that
either the apparent or the true position (derived by this method) appears much higher
at this time than the visible prominence. Assuming the direction of movement for the
radio source to be radial, we determine its velocity to be 420 km s~ . The velocity of
the moving source was also determined by Riddle (1973), who used data obtained with
the Colorado University (CU) swept-frequency interferometer. By averaging the
positions in the frequency range 18-40 MHz, and using the radial hypothesis he derived
a velocity of 340 km s™* for the type IV burst. We note that the inclination of the
fringe lines with respect to the axis of rotation of the Sun was very different for the
CU and Clark Lake interferometers. Under these conditions the velocity, as derived
from the two sets of data should coincide only if the motion of the source was strictly
radial. The reasonably good agreement of Riddle’s value with the velocity derived by
us indicates that the motion was indeed nearly radial in this case. Combining the
positions obtained with the CU and Clark Lake instruvments, Riddle ez al. (1973)
determined the two dimensional position of the type IV source several times during
the event. The direction of the movement agrees perfectly with that of the identifiable
features in the Ha spray (Riddle et «/., 1973). The radio burst is found to move out
well ahead of the material observed in Ha. Finally, we note that the size of the source
was small, and remained approximately constant during the entire event; its value is
0.8 Ry, about twice the size of the beam at 50 MHz.

3. Discussion

In the preceding section we have described four moving type IV bursts, all of which
were associated with the depletion of some coronal features, observed with the coronal
activity monitor at Mauna Loa, Hawaii (R. Hansen, private communication). Some
characteristics of these bursts are listed in Table L.

At 60 MHz, the initial distance of the sources from the disk center, derived on the
basis of the radial hypothesis was, on the average 1.8 Ry, approximately 0.1 Ry
above the corresponding plasma level in a two times Newkirk streamer model. At
40 MHz, the mean initial distance was 2.2 R except for the event of Aungust 12, when
the distance was 3.2 Rg. The mean distance was also somewhat higher than the cor-
responding plasma level in the same density model. On the average the sources were
last seen at a distance of 2.7 R and 4.1 Ry at 60 and 40 MHz respectively, the dis-
tances being always greater at the lower frequencies. The average speed derived
for the bursts was 850 km s ! at 60 MHz and 560 km s~ ! at 40 MHz. Although all
four events occurred close to the limb, within +17°, the derived values are somewhat
dependent on the radial hypothesis, since tangential displacements are often observed
in the course of motion of the type IV sources. The duration of the events varied from
18 to 70 min. In Table I, under the column ‘duration’ we have indicated in parenthesis
the duration of motion in each case.

Only one of the four events reported here (February 17, 1972) was preceded by
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type III bursts; this event was also accompanied by multiple type I bursts. The
absence of type II bursts in the events of May 14, 1971 and August 12, 1972 is possibly
due to the fact that they occurred one day after the limb passage of the corresponding
active region, thus rendering difficult the observation of plasma frequency radiation
at the Earth. The fact that coronal transients are not necessarily associated with type
I bursts, however, is documented by the May 13, 1971 event, which occurred just at
the limb and for which no type II burst was observed or reported by other obser-
vatories. It is interesting to note that several type III bursts were observed during the
moving phase of both May 13 and May 14, 1971 events. Some of these type III bursts
coincided in position with the moving type IV source. During the May 13, 1971 event,
for example, a type III burst was seen at a distance as great as 2.1 R, above the limb
at 40 MHz (Figure 1). Other type III bursts were observed during the same period, but
they occurred much closer to the disk center, approximately at the 40 MHz plasma level.

At meter wavelengths, the appearance of a stationary component after the disap-
pearance or weakening of the moving burst is quite common. This seems to be true
at decameter wavelengths also. Stationary continuum following the moving type IV
bursts was observed in all cases, except in the case of the August 12, 1972 event,
when observations ended before the movement had ceased. In one case (February 17,
1972) the stationary source exhibited significant dispersion in height with frequency.
In two other cases, the dispersion in position, if present, was less clear, because the
emission was much weaker at the high frequency end.

Essentially two radiation mechanisms have been invoked to explain the observed
emission from moving type IV bursts. Sychrotron radiation at the higher harmonics
of the relativistic and Doppler-shifted gyro-frequency has been invoked to explain
the type IV radiation (Boischot and Denisse, 1957; Takakura, 1960a, b). The high
energy cut-off of the radiating electrons is often considered to be 1 MeV, from band-
width and polarization considerations. Further, the synchrotron radiation in the
medium will be suppressed by ‘Razin-Tsytovich effect’ unless the energy E > 3(f/ fp),
where f, is the ambient plasma frequency (Ginzburg and Syrovatskii, 1965). The
effect of the medium on the radiation emitted by the outward moving source leads to
a gradual onset of the burst from high to low frequencies. This slow drift of the moving
burst seems to have been observed in the event of May 14, 1971. Zheleznyakov and
Trakhtengerts (1966) sought to explain the type IV radiation in terms of synchrotron
radiation from electrons trapped in a moving and expanding plasma cloud. In this
expanding source model, the linear size L of the moving plasma is related to f 2/ f3 by
f ,2,/ fA~N,/H*~L, where N, is the electron density, H is the magnetic field and f
is the gyro-frequency.

On the other hand, gyromagnetic radiation in the extraordinary mode and at the
fundamental gyro-frequency fy has been proposed by Fung (1969) to explain the
moving type IV. Some features of the events of May 13 and May 14, 1971 may indeed
be attributed to gyromagnetic radiation from an expanding cloud, as proposed by
Fung (1969). This model accounts for: (1) the presence of narrow-band features at the
beginning of both events superimposed on the background continuum, (2) the fairly
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narrow frequency range of the continuum, and (3) a rapid increase in the size of the
source, its breakup and its subsequent fast fade-out. However, Fung’s model requires
large magnetic fields to be frozen in the expanding plasma cloud. At 40 MHz, for
example, a field of ~15 G is required to produce gyro-radiation at the fundamental
frequency. Moreover such a large field, when combined with the observed size of the
source (1.5 R at 40 MHz, for the May 14, 1971 event) would require the storage of
~10°° erg in magnetic energy in the source. Such a large amount of energy is not
available even during the largest flares. The size obviously plays an important role in
the evolution of radiation from a moving type IV source, particularly in the mecha-
nism involving gyromagnetic radiation (Fung, 1969).

In this context if is useful to consider the linear size of the type IV sources observed
by us. At 60 MHz, the initial size of the source was of the order of 0.8 R, in all cases.
An increase in the size of the source was observed at the low frequencies during the
May 13 and May 14, 1971 events. During the May 14, 1971 event, for example, the
source size increased from 1.4 R to 2.0 Ry at 40 MHz until the time when the
source was split into two components, each about 1.1 Ry in diam. During the May
13, 1971 event we observed an increase in size from 0.8 R to 1.8 R at 40 MHz,
It is likely that this increase was also due to the presence of an unresolved double
or multiple sources. In both cases the late, stationary source appeared smaller in size,
about 1.0 Rg. On the other hand, no increase in size was observed in the other two
events at any frequency. This observation seems to indicate, in agreement with the
classification scheme suggested by Smerd and Dulk (1971) that an expanding plasma
cloud model cannot always be invoked to explain the evolution of moving type IV
sources.

Dulk (1973) computed models for an expanding source, taking into account
synchrotron self-absorption and Razin-Tsytovich effect. For a homogeneous source:
fia~073>, where f,, is the turnover frequency due to self-absorption and ¢ is the
source size relative to the initial size. During the May 14, 1971 event the lowest
observed frequency drifted from 50 MHz to 30 MHz, while the source expanded from
0.8 R, to 1.8 R, at 40 MHz. The expansion ratio L,/L,~2.2. This ratio would
require a frequency drift £, / f;,, of the order of 20, which was not observed. On the
other hand, for a Razin-Tsytovich cut-off mechanism, the cut-off frequency is pro-
portional to ¢~ . Indeed, during the May 14 event the frequency drifts only by a
factor of 50/30~1.7, which is closer to the requirement of this mechanism. It should
be noted however that no single model explains the observations completely. An
inspection of the coronal magnetic field maps produced by the regression analysis
method described by Altschuler and Newkirk (1969) reveals a low magnetic arcade
(LMA) and some open field lines around the flare site. It would appear that the type
IV sources traveled outwards along the open field lines. The smooth, broadband
character of the February 17, 1972 event points to the synchrotron origin of the
radiation. The arch-system observed in the green line indicates that this event took
place in a region of closed magnetic field lines, where the radiating electrons muts be
trapped.
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The moving type IV bursts at decameter wavelengths that we have discussed here
were all associated with coronal transients. The radio bursts occurred in the general
vicinity of the corona where the depletion took place (K-coronameter data supplied
by R. T. Hansen).

Shock waves, both parallel and perpendicular to the magnetic field have been
involved in the interpretation of moving type IV bursts (Lacombe and Mangeney,
1969; Mangeney, 1973; Warwick, 1965). Referring to the classification scheme pro-
posed by Smerd and Dulk (1971), it is difficult to see how an ‘advancing front’ model
could account for the type IV bursts which are associated with coronal transients.
This mechanism would seem to require a close association of type II with moving
type IV bursts. Such association was not observed by us; only one of the 4 events
reported here was accompanied by multiple type II bursts. It is conceivable that the
absence of type II bursts in some cases could be attributed to insufficient strength of
the shock that must be associated with moving type IV. Uchida er al. (1973) have
" given a detailed discussion of how strong shocks can be inhibited by high Alfvén-wave
velocity regions.

On the other hand, both the expanding arch or the isolated source mechanism could
account for the coronal transient in the way proposed by Smerd and Dulk (1971).
An impinging shock front, initiated by the Ha flare could be responsible for the ex-
pansion of a magnetic arch, or trigger the outward movement of a plasmoid, which
would be observed as a moving type I'V sources. In some cases, magnetic reconnection
may occur, resulting in a self-contained plasmoid which appears as an isolated source;
in other cases, the field structure may remain tied to the photosphere, resulting in an
expanding arch. Behind the shock wave, densities are compressed resulting in a
temporary increase in brightness of the K-corona, which was observed by Hansen
et al. (1971) simultaneously with the peak of radic emission during the August 11,
1970 event. In all cases some of the electrons must be accelerated to relavistic energies
to account for the observed radio emission. The mechanism by which this acceleration
takes place is not well understood at present. As the gas cloud moves outward it
causes a depletion of electrons at heights of about 1.2-1.8 R, as observed by the
K-coronameter. After the passage of the shock wave, the magnetic arch may contract
to its original lower position or similar arches may be generated by photospheric
currents (Smerd and Dulk, 1971). The regeneration of the magnetic arches probably
takes place over a time scale of several hours since the occurrence of homologous
transients is not unusual. Indeed, the May 13 and 14, 1971 transients originated in
flares occuring in the same active region with a time interval of 24 h. Another homolo-
gous pair of events was observed on January 11, 1973 (Stewart ef al., 1973). In this
case the two events were separated by only about 18 h. It should be noted that two of
the events discussed here (May 13, 1971 and February 17, 1972) were associated with
the formation of a loop prominence system (Machado et al., 1972; Wagner et al.,
1973). Alternately the expanding magnetic loop might be carried out by the solar
wind, which seems to have been the case for the August 12, 1972 transient. The fading
of the type IV source is frequently accompanied by the appearance of a stationary
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type IV continuum source at decametric wavelengths. This source is always situated
close to the flare site. It is generally believed that this emission is due to plasma
radiation. The dispersion in position of this continuum with frequency observed by
us supports this interpretation.
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Abstract. A log-periodic array, 3 km long in the E-W direction is in operation at the Clark Lake Radio
Observatory. The solar brightness distribution is swept once per second in the 65-20 MHz frequency
range. The analysis of the interferometer records allows the determination of one dimensional solar
burst positions, to an accuracy of 0.1 Rg at 60 MHz and 0.3 R, at 30 MHz, approximately.

Six long duration noise storms have been observed over an eight month period, extending from
January to September, 1971. The storms are described and their relation to chromospheric active
regions and flares is discussed. Decametric storms are found to be related to complexes of interacting
active regions. The interaction is studied in terms of the number of ‘simultaneous’ flares observed to
occur in the various active regions. On the average, twice as many ‘simultaneous’ flares are observed
than would be expected if flares occurred at random. An analysis of coronal magnetic field maps
computed from longitudinal photospheric fields shows magnetic arcades and some divergent field
lines at the site of storm regions. Decimeter and meter wavelength sources are found to be associated
with all decameter storms. At decimeter wavelengths double or multiple sources aré often seen above
individual active regions forming part of the chromospheric complex.

1. Introduction

Noise storms, type II and type III bursts have been observed from heights of about
0.2 Ry above the photosphere all the way to 1 AU. These bursts present radio evi-
dence of disturbed conditions in the solar corona. Noise storms are particularly in-
teresting, since they are long lasting (of the order of days), and thus enable us to
study relatively persistent features which might be present in the corona.

Meter wavelength noise storms consist of a more or less steady continuum and of
superimposed type I bursts. Comprehensive reviews of noise storms at meter wave-
lengths have been given by Wild ez al. (1973), Kundu (1965) and by the Solar Radio
Group at Utrecht (1974). Fine structure in metric storms has been discussed recently
by Rosenberg (1971, 1972) and Rosenberg and Tarnstrom (1972). At the kilometer
and hectometer wavelengths the storms have been studied with the aid of satellite-
borne equipment (Fainberg and Stone, 1974). Storms at decameter wavelengths have
been first described by Warwick (1965). At these wavelengths the storms are seen to
consist of type III bursts and other fine structure (de la Nog et al., 1973) superimposed
on a more or less steady continuum. The radiation originates at heights from approxi-
mately 0.5 Ry to 2.5 R, above the photosphere. Thus the study of decametric storms
is of interest not only because it provides a link between metric and kilometric obser-
vations of the storms, but also because it provides some insights into the properties of
coronal regions where the solar wind originates.

In this paper we describe the evolution of six decametric storms which took place
during the period January to August, 1971. We discuss the relationships of decametric
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storms with chromospheric active regions, coronal magnetic fields, and meter and
decimeter wave activity.

The storms described here were observed with the swept frequency interferometer of
the Clark Lake Radio Observatory operated by the University of Maryland. This array
(hereinafter referred to as the LPA) consists of sixteen log-periodic antennas, equally
spaced on a two mile east-west baseline. The array is swept in frequency over the
range 20-65 MHz once per second. This system gives the one dimensional position
and angular size of emissive regions on the Sun nearly simultaneously at all frequencies.
The array beam spacing and width are such that only one beam is on the Sun at one
time. The angular resolution is about 5’ at 60 MHz decreasing to 15’ at 20 MHz. A
more detailed description of this instrument was given by Erickson and Kuiper (1973).

2. Observations

When observed with a time and frequency resolution of about 1s and 10 kHz
respectively, decametric storms are seen to comnsist of a background continuum of
varying intensity, often with considerable structure in frequency. Superimposed on
this background we often observe a large number of type III bursts. These bursts can
be distinguished from the underlying continuum because of their much higher inten-
sity and characteristic frequency drift. Type 1 bursts are seen much less frequently at
decameter wavelengths than on meter wavelengths. Although type I bursts are known
to occur less frequently at longer wavelengths, the low number seen on the Clark Lake
records may be partly attributed to instrumental effects. Since the duration of these
bursts is usually less than a second, at a one per second sweep rate the bursts are often
integrated into the background continuum. There are extended periods during some
of the storms when no type III or I bursts can be seen. .

At the maximum of solar activity noise storms can be observed about 80% of the
time on meter wavelength dynamic spectra. Good correspondence has been shown to
exist in time between the meter and decameter storms by Boischot et al. (1971). Thus,
it can be expected that decametric and metric storms will occur with approximately
the same frequency. In their studies of metric and decimetric storms, Malinge (1963)
and Clavelier (1967) defined storms on a day-to-day basis. In view of the evident
continuity of the phenomenon when following a storm day by day, we prefer to define
a storm as the whole of the activity related to a center during its disk passage. We
shall show that a decametric storm can be related to several active regions on the disk.
Therefore, the above statement should not be interpreted as implying a one-to-one
correspondence between storms and active regions. The storms at long wavelengths
often show much detail and occasionally consist of double sources. For this study we
selected a relatively quiet period during which there was only one storm region on the
Sun at a time. According to our definition a total of six storms were observed during
the period considered, which extends from January to August, 1971. Typical examples
of storms, corresponding to the dates of 1971, January 9 (decametric region 1) and of
1971, April 14 (decametric region 3) are shown in Figures la and 1b. A list of the



DECAMETER STORM RADIATION, I 469

MHz Frequency 09 January 1971

30 :

35

el -
19h12m uT
Fig. 1a. Typical examples of a decametric storm recorded at Clark Lake, in 1971, January 9
(storm region 1).

MHz Freguency 14 April 1971
L - ’

18h36m

Fig. 1b. Same as Figure la for 1971, April 14 (storm region 3).
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TABLE 1
Periods of type III and continuum activity related to decametric storms

Decametric Type III activity Continuum activity Peak of

region Start End Start End activity

1 Jan. 4 Jan. 17 Jan. 5 Jan. 12 Jan. 7-9

2 Jan. 19?7 Jan. 24 Jan. 19?7 Jan.24 Jan. 19-21
3 Apr.6 Apr.19 Apr.11 Apr.17 Apr. 14-16
4 May 4 May 12 May 7 May 12 May 7-9

5 July 13 July 22 July14 July 19  July 15-17
6 Aug. 15 Aug. 29 Aug 19 Aug. 25 Aug. 20-24

storms observed, the first and last day of continuum and of type III activity, as well as
the days when the storms peaked are given in Table 1. There was no overlap between
the several storms observed. Occasionally the type III or the continuum emission, or
both, stopped for a couple of hours or even for an entire observing period. Periods
with no emission at all occurred in course of decametric storm 2, in 1971, January 22
and decametric storm 3 in 1971, April 10. Periods lacking type III emission occurred
on January 9, from about 19:40 to 21:00 UT and on January 11, from 18:00 to 18:30
UT during decametric storm 1; and for the entire observing period in 1971, August 24,
in course of decametric storm 6. It is worth mentioning that on these occasions the
continuum emission was extremely intense and was always modulated by strong iono-
spheric refraction. Moving type IV or type Il-type IV events, related to the storm
centers described here have been observed on April 20 (Region 3); May 13 and 14
(Region 4), and September 1 (Region 6). These bursts have been discussed elsewhere
in detail (Gergely and Kundu, 1974; Gergely, 1974). The intensity of both the type
111 and the continuum emission fluctuated widely during all storms. The rate of occur-
rence and the starting frequency of type III bursts was also highly variable. These
topics will be discussed in a forthcoming paper. Some shortlived storms, exhibiting
sporadic activity, also occurred during the period discussed here. Such sporadic
storms last for a couple of hours and occasionally reappear the next day. These storms
are not discussed here. In February and March, 1971, the Sun was exceptionally
quiet in the decametric range. Isolated type III bursts were the only form of activity
observed during these months and were studied in detail by Kuiper (1973).

3. Association with Optical Activity and Photospheric Fields

The association of storms with active regions can be studied in two ways. First, the
storms have long duration and we can associate their central meridian passage (CMP)
with that of active regions. Second, we may look for a correlation between the onset
or the intensification of a given storm and related chromospheric activity. Both
methods have drawbacks. The CMP of storm regions normally differs by as much as
0.5 days when observed at different frequencies in the 20-65 MHz range. Parts of
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several active regions are sometimes observed at the central meridian during this
period. More importantly, the decametric storms may originate in non-radially
oriented coronal structures (Malinge, 1963; Stewart and Labrum, 1972). The second
method can also give rise to erroneous identifications because several flares may occur
in a given period of time preceding or following the onset of a storm. To minimize
errors due to these possibilities we studied the association using both methods.

Table II presents the CMP date for each storm observed at different frequencies.
The CMP times are accurate to approximately 0.4 days. The table also shows the
CMP date for the active regions that might be associated with the storm regions (for
the cases where CMP active region = CMP storm + 3 days).

The CMP of region 1 occurred on January 10; the active regions with the nearest

TABLE 1T
CMP date of decametric and metric storms and of associated active regions

Decametric  Freq. CMP McMath CMP Age and magnetic field of region
region (MHz) date number date
1 60 Jan. 10.0 11114 Jan. 11.5 young region; strong fields
50 Jan. 9.9 11111 Jan. 10.6 old region; weak fields
40 Jan. 9.7 11112 Jan. 10.2
30 Jan. 9.6 11120 Jan. 9.6
11110 Jan. 9.1
169 Jan. 10.1 11124 Jan. 9.0
11108 Jan. 8.3 decaying region; weak field
2 50 Jan. 20.8 11128 Jan. 20.5 strong fields, young regions,

11129 Jan. 23.5 satellite spots in McMath
11130 Jan. 23.0 11128

169 Jan. 21.2 11133 Jan. 25.0
3 50 Apr, 15.1 11253 Apr, 14,1 emerging region; strong fields
40 Apr. 15.0 11249 Apr. 16.2 young region; intense fields
11250 Apr. 16.8 weak fields
169 Apr, 15.7 11256 Apr. 177 young region; intense fields
11257 Apr. 17.7 young region; intense fields
4 60 May 7.7 11294 May 6.9 developed region; strong field
50 May 7.6 11296 May 8.4 emerging region; weaker field
40 May 7.7
30 May 7.9
169 May 6.9
5 50 July 19.0 11423 July 16.2
30 July 18.8 11424 July 18 old region; weak field

11425 July 18.8 young region; strong field
11429 July 20.0 young region; strong field

6 50 Aug. 20.6 11480 Aug. 224 strong field
40 Aug. 20.8 11482 Aug. 234 complex region; extremely
169 Aug. 22 strong field

169 Aug. 23.9
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CMP date being McMath 11120, 11111, 11112. However the region McMath 11120
developed on January 11, at a time when the noise storm has already reached its
maximum. At decameter wavelengths the region 2 crossed the central meridian be-
tween January 20 and 21, shortly after the large active region McMath 11128.

At 50 MHz the CMP of region 3 occurred on April 15.1. The three regions with
closest CMP date were McMath 11253, 11249 and 11250. The CMP of the next two
regions (Nos. 4 and 5) falls between that of two active regions. For region 4 the CMP
at 60 MHz occurred on May 7.7 between the plages McMath 11294 and 11296. The
CMP of region 5 occurred on July 19.0, between plages McMath 11425 and 11429.
Finally, the CMP of region 6 occurred on August 20.6. No active region passed the
central meridian on this day. It can be seen that no clearcut association of storms
with chromospheric active regions can be established purely on the basis of the CMP
date. '

A total of 48 storm intensifications and onsets occurred during our observing
period at Clark Lake. To establish the beginning of a storm from the interferometer
records presents no difficulty. Since no quantitative flux measurements were available,
personal judgment had to be exercised to establish the times of intensifications. It
must be emphasized that since the sensitivity of the system varies with direction,
galactic background temperature, and receiver settings, all intensifications noted are
relative to the emission level that existed in the preceding few minutes. The build-up
of a storm was very gradual in all but a few cases and intensification or onset should
be taken as approximate to + 10 min.

A complete list of the flares and subflares which occurred during the three hour
period preceding each decametric storm onset or intensification has been given else-
where (Gergely, 1974). The occurrence of some flares prior to a storm onset must be
considered accidental on the basis of the relative position of the flaring region and the
decametric source. Eliminating these flares from the sample two interesting facts
emerge. First, the flares which preceded the onsets or intensification which occurred
in course of a given storm did not always originate in the same chromospheric active
region. For example, from the flares preceding the eight observed intensifications or
onsets related to decametric storm region 5, four occurred in McMath region 11425,
three in McMath region 11429, and one in McMath region 11423. We recall that the
decametric source appeared to cross the central meridian between the McMath
regions 11425 and 11429.

Six onsets or intensifications were observed at Clark Lake, related to storm region
3. Four of them occurred following subflares in McMath region 11253. Out of the
other two, one occurred in between two subflares which were reported to occur in
McMath region 11250, the other one followed a subflare in McMath region 11257. The
decametric source crossed the central meridian shortly before the complex of active
regions McMath 11249-50-56-57; and approximately a day after the McMath region
11253.

Secondly, flares and subflares occurred very closely in time in several neighboring
active regions before and after some of the storm intensifications. For example prior
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to a storm onset on July 15 at 17:45 UT subflares occurred in McMath regions 11423
and 11425 at 17:20 and 17:18 UT respectively. Another storm intensification on
April 11 at 19:35 UT was preceded by subflares which started at 18:04 and 18:02 in
McMath regions 11257 and 11249 respectively. A storm intensification on April 13
at 22:36 UT was preceded by a subflare at 22:33 UT in McMath region 11253 and
was in turn followed by a subflare at 22:40 UT in McMath region 11250. In the
above we have only given some examples of quasi-simultaneous flare activity in
several active regions during decametric storms. Other examples have been given by
Gergely (1974). Quasi-simultaneous flare activity in several active regions is often
observed not only at the onset time but also while the decametric storm is in progress.
Figure 2 illustrates this kind of behavior. The flare activity in neighboring active
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Fig. 2. Quasi-simultaneous flare activity in active regions related to decametric storms 5, 2 and 3.
The subflares which are enclosed in boxes occurred with a separation in time of less than 20 min.

regions, which underlie the decametric storms 2, 3, and 5 is shown for one day in
each case. The starting times of flares and subflares is indicated by the vertical lines.
The flares which occurred in different active regions and were separated in time by
20 min or less are shown in enclosed in boxes. The clustering of flares at certain times
is obvious. These observations suggest that a given decametric storm may be related to
several, interacting active regions, rather than to a single active region. ‘Sympathetic’
flares have been discussed previously by Waldmeier (1938), Becker (1958), Fritzovd
(1959), and Smith (1962) among others. These authors studied either some well docu-
mented, albeit isolated cases of simultaneous flare activity in distant active regions, or
the global flare statistics over extended periods of time. In the latter case no physical
relation was known to exist between the regions considered and the results have not
been conclusive. In what follows we analyze statistically the flare occurrences in the
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active regions which, due to their position, appeared to be related to each decametric
storm. This approach provides us with a reasonable time interval over which to con-
sider possibly correlated activity, as well as with a criterion which permits us to con-
sider only those regions which might indeed be physically related.

Let us assume that a given active region produced N, flares and subflares in a given
period of time 7. Subdividing this period of time into J intervals of duration 47 each,
the probability for a flare to occur in any interval A7 is given by

Ny
== &)
If a second region is flare-active over the same period 7, we can predict the number of
‘simultaneous’ flares where ‘simultaneous’ is defined as flares occurring in both active
regions within the same interval 4z. We chose the time interval Ar to be 20 min in
order to consider two flares as ‘simultaneous’, and in the rest of this paper the word
‘simultaneous’ will be used in this context.

Assuming that the activity in the two regions is uncorrelated, the number of inter-
vals, N,,, containing simultaneous flares is given by

N12 N1N2

— = ——, 2
1 Pib> 12 ( )
where N, and p, are the total number of flares and the flare probability in region 2.
If the actual number of simultaneous flares, Ny ,, exceeds the estimate N, , to a statisti-
cally significant degree, then the flare activity in the two regions must be correlated.

The standard deviation of the estimate, N;, will be

AN12=;(N1\/172+N2\/N_1) (3)

assuming that the flare occurrences in both active regions follow a Poisson distribu-
tion. It will be shown below that in several cases, N, is approximately two times N, , and
this excess is statistically significant. Therefore, we conclude that when active regions
show evidence of physical interaction through their association with a single deca-
metric source, then the flare activity in the regions is often significantly correlated. The
interacting regions will now be discussed in more detail.

Figures 3a to f show the Fraunhofer Institute maps close to the CMP of each storm
region. The active regions underlying each decametric source are indicated by their
McMath numbers. The mean position of the radio source is indicated by the heavy
line and its size by the two broken lines at the highest frequency of measurement.
Since the times of observation of the plages and the radio sources do not coincide
exactly, we interpolated the radio positions between two consecutive days. We
analyze below the flare activity related to each radio region along with its magnetic
field and filament configuration.

The projected position of the centroid of radio source 1 appears at the location of
McMath regions 11111 and 11112 (Figure 3a). Other active regions also apparently
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Fig. 3. (a) Projected position of the decametric storm 1, 1971, January 9, is indicated on the Fraun-
hofer Institut Map. Associated active regions are identified by their McMath numbers. The solid line
indicates the centroid of the source at 60 MHz, and the two dashed lines indicate its size. (b) Same for
decametric storm 2, 1971, January 21. (c) Same for decametric storm 3, 1971, April 16. (d) Same for
decametric storm 4, 1971, May 8. (¢) Same for decametric storm 5, 1971, July 19. The line indicates
the centroid of the type III group mentioned in the text. (f) Same for decametric storm 6, 1971,
August 21, The line indicates the centroid of the type III’s, displaced eastward from the continuum
source which occurred this day.
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associated with the decametric source are McMath 11108-10-14-20. A large stable
filament separated McMath regions 11112 and 11 108; smaller filaments were observed
delineating the neutral line in McMath regions 11 111 and in some of the other regions.
Most of the flare activity was produced by McMath region 11111. It produced 63
flares and subflares between January 6 and 12. Only four simultaneous flare pairs
were observed to occur during the period January 6 to 12; all four involved the region
McMath 11111 and one or the other of the regions mentioned. This small number of
simultaneous flare pairs was judged to be insufficient to perform a meaningful statisti-
cal analysis. However, it should be pointed out that Caroubalos et al. (1973) analyzed
a pulsating radio event that occurred in 1971, January 14 at meter wavelengths and
was related to the continuum source we have studied. They reported that during most
of the disk passage of the meter wavelength storm two stable sources were observed at
80 MHz; one was located above the complex of regions McMath 111-10-20, the other
one above McMath 11108. The occasional interaction of these two sources at 80 MHz
was reported (Caroubalos ef al., 1973).

The decametric region 2 was located above the large active region McMath 11128
(Figure 3b) which gave origin to the proton flare of 1971, January 24. Active regions
McMath 11127, 11129 and 11130 were also located under the decametric source. The
McMath region 11127 contained weak magnetic fields and produced only two sub-
flares during disk passage. The other three active regions contained intense magnetic
fields. The magnetic configuration of McMath 11128 was especially complex. This
was the most active of the three regions associated with the decametric storm. It pro-
duced 132 flares and subflares between January 17 and 26. A large number of simul-
taneous flares occurred between January 17 and 26. The number of expected and ob-
served simultaneous flares which occurred in these regions, as well as the standard
deviation of the expected number of simultaneous flares is shown in Table I1la. In
those cases where the formal standard deviation is less than 0.5 it is shown as zero in
the table.

The number of observed simultaneous flares indicates strong interaction between
McMath regions 11128-11129 and 11128-11130, and a smaller degree of interaction
between the regions McMath 11129-11130. This result is not unexpected in view of
the magnetic configuration and the dominant flare activity in McMath region 11128.
Further evidence for interaction between McMath region 11128 and the other two
regions comes from 80 MHz observations of the radio event, related to the proton
flare of 1971, January 24 (Riddle and Sheridan, 1973). Numerous sources were ob-
served during the early phase of this event, most of them close to, or above, the west
limb of the Sun. However two of the sources (designated E and F by the authors)
appeared approximately above the active regions McMath 11129 and 11130.

Several active regions were found to be associated with decametric storm region 3
(Figure 3c). Slightly to the east of the projected position of the centroid of the deca-
metric source we find the complex of regions McMath 11249-50-55-56-57. To the west
is located McMath region 11253. We noted already that some of the intensifications
of the decametric source took place following subflares that occurred in McMath
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TABLE 11
Simultaneous flare activity in active regions related to decametric storms

471

(a) Active regions related to storm 2

McMath
region
11128
11129

11130

(b) Active regions related to storm 3

McMath
region
11249
11250
11253
11255
11256

11257

(c) Active regions related to storm 5

McMath
region
11423
11425
11429
11430

11433

11128

11249

11423

11129
13)
542

11250
©
141

11425
Q)
3+1

11130
@49
1042

11255
@
040
0
140
®)
110

11430
@
0+0
)
140
(3)
0+0

11256
3
241
™
341
@
6+1
(5)
241

11433
1)
2+1
12
641
&)
240
©
1+0

11257
)
1+0
)
1+1
@
241
(2)
1+0
(10)
341

The upper figure at the intersection of a given column and row indicates the number of observed flare
coincidences for the pair of regions involved. The lower figure indicates the number of expected flare
coincidences and the error; assuming random fiare occurrence in both regions.

region 11253, while others occurred after subflares in McMath regions 11250 and
11256. Several long filaments appear near the active regions McMath 11256-57-50-49-
55. These filaments separate regions of predominantly positive fields from predomi-
nantly negative fields, as observed on the corresponding Mt. Wilson magnetograms.
The simultaneous flares for the active regions involved is shown in Table IIIb., The
regions which appear to interact most strongly are McMath 11249-57; 11249-53;
11250-56; 11253-55; and 11256-57. These regions are the same as the ones that
produced flares before the intensifications of storms.



478 TOMAS E. GERGELY AND WILLIAM C. ERICKSON

Two active regions were associated with decametric storm region 4. One of them,
McMath 11294 was very flare active, producing 52 flares and subflares between May 6
and May 13. It was the site of several major flares during this time; moving type IV
bursts related to two of these were observed at Clark Lake. The other region, McMath
11296 produced only two subflares, both simultaneous with flares in McMath
11294. A stable filament existed between the two active regions (Figure 3d).

Numerous active regions were associated with decametric source 5 (Figure 3e). The
disk passage of these regions was characterized by a high level of flare activity; 190
flares and subflares were observed from the complex between 1971, July 12 and 24.
We already noted that storm intensifications followed subflares that occurred in
McMath regions 11425 and 11429. The numbers of simultaneous flares for these
regions are given in Table IIlc. A high degree of correlation between some of the
active regions involved is obvious.

The active regions McMath 11478 and 11480 were associated with decametric
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o
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425433
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Fig. 4. Histograms of simultaneous flares in storm related active regions. ‘Cross-hatching’ indicates
the flare pairs which started in the region.
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source 6 (Figure 3f). The McMath region 11478 was marginally active during the
storm and will not be considered here. To the east of the decametric source we observe
the McMath region 11482. There is no doubt that this region was related to the deca-
metric storm. It was extremely flare active, some of the flares giving rise to very in-
tense type 1II groups. These type III groups occurred slightly to the east of the con-
tinuum source. Both active regions McMath 11480 and 11482 contained intense mag-
netic fields. A long filament, stretching in the north-south direction again separated
magnetic regions of opposite polarity. During the period August 16 to 26, 28 flares
occurred in McMath region 11480, 12 of these simultaneous with flares that occurred
in McMath region 11482. The McMath region 11484 also interacted strongly with
the McMath region 11482 and produced 32 simultaneous flares from a total of 54.

Figure 4 shows a histogram of the simultaneous flares involving the active regions
associated with each storm. The coincidences corresponding to the occurrence of the
first flare of the pair occurring the region are shown in dark. Even for the most flare-
active regions, such as McMath 11482 or 11128 about 509 of the initial flares of a
pair occurred in some other, less active region. In every case that we studied, a deca-
metric storm appeared to be associated with multiple active regions and there is at
least some evidence of interaction between these regions.

In order to determine whether or not a direct association between flares and deca-
metric storms could be established, we considered the distribution of the time differ-
ences between the start of a flare and the associated radio storm. The distribution
peaked at a time interval of about 20 min between the start of a flare or subflare and
the associated radio storm. However, the average time between flares and subflares
was also about 20 min during these periods so it was impossible to make an unambi-
guous relationship between the radio events and the chromospheric flares and to
determine an average time difference between the chromospheric flares and to deter-
mine an average time difference between the chromospheric flare and the radio storm
onset or intensification. With the exception of one Imp 1 flare, all the storm onsets or
intensifications were preceded by subflares.

4. Relation of Decametric Storms to Coronal Maguetic Fields

Altschuler and Newkirk (1969) computed coronal magnetic fields from observations
of the longitudinal component of photospheric fields. They used a current-free ap-
proximation and assumed that the field lines reaching up as high as 2.5 R, were
drawn out by the solar wind into interplanetary space. Since only the longitudinal
component of the photospheric field is available for the computations, data collected
over half a solar rotation must be used to construct the map for any given day. Rapid
changes in the magnetic fields are not reflected in the maps for this reason. Newkirk
and Altschuler (1970) compared the coronal structures observed in white light with
the calculated magnetic fields and found good agreement between the density structure
of the corona and the calculated field configurations. Several characteristic shapes of
these configurations were described by them. Diverging fields (DF) reach out from a
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Fig. 5. (a) Magnetic fields related to decametric source 1. The centroid of the source is indicated by

the solid line, its size by the two dashed lines. (Magnetic maps courtesy of Ms. D. Trotter, High

Altitude Observatory.) (b) Same as Figure 4a for decametric storm region 2. (c) Same as Figure 4a for

decametric storm region 3. (d) Same as Figure 4a for decametric storm region 4. (¢) Same as Figure 4a
for decametric storm region 5. (f) Same as Figure 4a for decametric storm region 6.
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central focal point to neighboring, low field regions. Low magnetic arcades (LMA ) con-
sist of loops, forming long corridors; the top of these loops do not exceed 0.5 R,
above the photosphere. High magnetic arcades (HMA) are similar, except that they
do extend to greater heights and may appear distorted because they were computed
using an artificial boundary condition simulating the solar wind surface. Finally,
magnetic rays (MR) show the presence of open field lines which extend so high above
the surface that their point of reconnection is outside the domain of calculations.

We examined the calculated potential fields (provided kindly by Miss D. Trotter,
High Altitude Observatory, Boulder, Colorado) for each storm around the CMP date.
Figure 5 shows the magnetic fields, as well as the continuum source for the day shown.
All the regions appear to be characterized by magnetic arcades, low in some cases and
high in others.

Region No. 1 was characterized by an arcade, running in the north-south direction
(Figure 5a). A tightly wound LMA stretches over McMath regions 11108, 11110 and
11120. The field lines are closed in the corona above McMath region 11111. A more
open structure (DF) is found to the north, above McMath 11112, which is an old,
decaying region. That DF’s and LMA'’s are not mutually exclusive structures have
been noted by Newkirk and Altschuler (1970), since LMA’s sometimes form an
annulus, partially surrounding a DF. An LMA extends under an HMA at the location
of active regions 11128 and 11 129, associated with decametric source No. 2 (Figure
5b). Open field lines appear under the south-western end of the arcade. A DF appears
at the site of McMath region 11 130; no obvious connection with the northern arcade
is seen. Region 3 appears to have the most open configuration of all regions considered
here. An LMA is seen running in the north-south direction over McMath regions
11256-57-55. The field lines appear to diverge around McMath regions 11249-50;
another arcade is seen to the west, above McMath regions 11252-53. All the regions
appear to be magnetically connected (Figure 5c).

An LMA stretching under an HMA towards the north pole appears at the site of
region 4. Note that the LMA once again embraces the eastern portion of a DF. A
substantial number of type III bursts displaced towards the west from the continuum
source and generally starting at the high frequencies were observed during this storm
(Figure 5d).

Region 5 coincided with an HMA running in the east-west direction, approximately
over the solar equator. We note that only a small number of type III bursts were re-
corded during this storm and that the continuum source was large (Figure 3e, 5e) as
can be expected from the orientation of the magnetic arcade.

Finally, the magnetic structure related to region 6 is a complex one, just as the
storm itself was complex (Figure 5f). Two LMA’s, slightly twisted, embrace a region,
from which field lines are diverging. The decametric source was situated above the
western arcade. Two sources were observed at 169 MHz for the entire duration of the
storm, one above each of the magnetic arcades. These magnetic arcades were situated
on each side of McMath 11482, an extremely flare-active region. A series of very
intense type IIl bursts, all of them flare associated were observed from this region.
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These type III bursts were clearly of a different nature than those occurring during
the storm. They were much more intense, to the point of saturating the records,
almost always occurred in groups and their starting frequency was always higher
than 65 MHz.

The magnetic configurations were examined one solar rotation after the dates con-
sidered here. Most of the structures described were still recognizable, but all of them
appeared to be more open than at the time of the storm. Such open field lines often
extend to interplanetary space.

The general appearance of the magnetic fields supports the evidence presented in
the previous section for interaction between several active regions. As Newkirk and
Altschuler pointed out, although the coincidence of a given field line with a particular
region is meaningless, a comparison between the shapes of the field configurations
and the coronal structures is still valid. In the case of the decametric storms, the mag-
netic structures appear to connect the underlying chromospheric regions and possibly
provide a channel along which energetic particles can travel.

5. Association with Decimeter and Mater Wavelength Activity

No burst activity at centimeter wavelengths is known to be associated with noise
storms. It has been observed (Malinge, 1963) that the occurrence of a large centimeter
wave burst during a metric noise storm seems to inhibit the production of type I
bursts. We examined the rate of occurrence of centimeter bursts during the three
hours preceding and following storm onsets and intensifications, and found no corre-
lation between these two phenomena. The rate of occurrence of centimeter wave-
length bursts was found to be the same during these periods as when storms were in
progress, or even at times when no storm was present at all.

If decametric storms are associated with interacting active regions as discussed
earlier, we may expect to find multiple sources at the lower heights in the corona
during storms. Indeed, the Nangay interferometric observations at 408 MHz (pub-
lished in Solar Geophysical Data) confirm this (Figure 6). In this figure the crosses
indicate the position of the sources at 408 MHz, the heavy lines indicate the trajectory
which would be followed by a source located above the active regions whose McMath
numbers are indicated.

Two sources were observed on January 19, the day decametric source 2 appeared.
One of them was located above McMath region 11128, the other above McMath
regions 11129-11130. Three sources were present on January 20 and 21, when the
decametric emission was strongest. Decametric emission was much weaker or was
entirely absent during the next three days, when only one source appeared-at 408 MHz.
Muitiple sources were seen from April 12 to April 17 at 408 MHz, simultaneously with
decametric source 3. The east-west position of these sources corresponds rather well
with the position located radially above McMath regions 11253 and 11257 at a height
of 1.3 Ry, and above McMath region 11250 at a height of 1.05 R,. We note that no
multiple source at 408 MHz was observed after April 17, and that after this day the
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Fig. 6. Positions of 408 MHz regions associated with decametric storm regions 3 and 5. The crosses
indicate the positions of 408 MHz sources; the heavy lines indicate the trajectory that would be
followed by a source located at the indicated heights above the active regions.

decametric emission also ceased completely. Multiple sources were observed for the
whole duration of decametric source No. 5. The east-west position of the 408 MHz
sources corresponds to that of sources located at 1.1 R, above McMath regions 11424
and 11425. Once again the decametric source lasted only as long as multiple sources
were observed at the lower heights.

Similar situations are found for decametric sources No. 4 and 6. Double sources
were observed for the whole duration of decametric storm 6 and for most of the dura-
tion of decametric source 4. A double source was observed one day only while storm 1
was in progress. It is likely, however, that a double source was present, since such a
source-oriented in the north-south direction was indeed observed at 30 MHz
(Caroubalos et al., 1973).

Boischot et al. (1970) suggested that metric storms, consisting generally of type I
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bursts, and decametric storms, consisting mainly of type III bursts, constitute different
manifestations of the storm phenomenon. Using the data obtained in 1967 they found
that in 86%; of the cases when a metric storm was present a decametric storm was also
observed. Conversely, 87%; of the decametric storms could be associated with a metric
storm. No positional observations were involved, the association was made only on
the basis of coincidence in time. We investigated this association, examining the
Nangay 169 MHz interferometric observations (Solar Geophysical Data) along with
our positional data. Thus we were able to compare not only the coincidence in time
but also the position of metric and decametric storms. We found that a metric storm
was indeed associated with each of the decametric sources. Good agreement was
found between the metric and decametric storms; the CMP of the decametric storm
coincided usually within 1.5 days with that of the metric storm. The CMP dates for
the metric storms are given in Table II. A systematic correction was included, to
account for the fact that the 169 MHz positional observations were made at the local
meridian (approximately 12:00 UT). During the period considered by us, a decame-
tric storm was present on the disk on 75% of the days when a metric storm was re-
ported. On the other hand, a metric storm was reported to occur on 92%; of the days
when a decametric storm occurred. From a total of 37 days of decametric storm emis-
sion a metric storm was not reported for only three days. Three storms not examined
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Fig. 7. (a) Longitude distribution of metric storms associated with decametric storms. (b) Same for
metric storms without associated decametric storm.
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here can be observed on the Nangay charts during the period 1971, January-August.
Decametric storms of shorter duration were observed on the date of the metric storm
or on the following day in each case. The coincidence of meter and decameter storms
can be considered even more significant, since there is no overlap between the ob-
serving periods at Nangay and Clark Lake. Figure 7 shows the longitude distribution
of metric storms (a) with no decametric counterpart and (b) with decameter storm.
The figure suggests that the absence of decametric storms for some of the days when
metric storms have been observed can be explained by a higher directivity of the
decametric storms.

6. Conclusion

Until recently, solar activity was discussed in terms of independent active regions.
Wild (1968) pointed out the existence of several interacting centers in the case of a
noise storm observed with the Culgoora radioheliograph. In the case he reported,
activity correlated in time and arising from several sources was observed for half an
hour before the start of a major flare (imp. 2). This flare was followed by a noise
storm. Some of the participating regions were separated by large distances and the
triggering of activity in one center by another would have required faster-than-light
particles. For this reason, Wild assumed an initiating disturbance located at a central
point high in the corona. Kai (1969) also presented several events, showing the inter-
action of various centers, sometimes separated by as much as 1.0 R. Both Kai and
Wild observed that the sources involved had opposite senses of polarization in most
cases, suggesting that they were connected by magnetic fields looping through the
corona. In agreement with Kai, we find that a given source may sometimes be the
initiating and at other times the triggered disturbance.

Further, Wild (1969) suggested that interaction between active regions may occur
in two ways; through MHD shock waves, travelling at speeds of 10° km s™* triggering
eruptions at distant centers, and by fast particles travelling along magnetic field lines.
These two classes of interactions have rather different manifestations in the radio
regime. The former is seen in the form of type Il or type II-IV bursts, while the latter
may be represented by type III bursts, ‘U’-bursts and reverse drift bursts, all com-
monly observed during metric noise storms.

In this paper we have studied the relationship of decametric storm sources with
other aspects of solar activity. Specifically, we related the storm sources to interacting
active region complexes in the chromosphere. In every case that we studied, a deca-
metric storm implied evidence of interaction between pairs of active regions. In most
cases the flare occurrence in neighboring regions turned out to be non-random with
the number of simultaneous flares approximately twice as large as that expected on
the basis of random occurrences. We have not addressed the opposite question of
whether or not interacting regions always produce decametric storms. Intensifications
or onsets of decametric storms do not seem to relate directly to flares.

We showed that decametric storms are always associated with storms at the meter
and decimeter wavelengths, and that multiple sources are often observed at these
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wavelengths. The magnetic structures associated with the storm sources were found
to be high or low magnetic arcades, the latter sometimes partially surrounding regions
of open or diverging field lines. The centroid of the continuum source frequently co-
incides with filaments or chains of filaments, known to indicate the presence of neutral
sheets higher in the corona.
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Abstract. The physical properties of six decametric storms, observed at Clark Lake Radio Observa-
tory are studied. The height of the storm coniinuum sources was determined from the rotation rate.
Assuming that the radiation originates at the plasma frequency we computed the gradient of electron
density for the regions where the storms originate. The mean angular size of the decametric continuum
sources is large; it increases with decreasing frequency. The storm continuum is found to be strongly
directive toward the disk center. The east-west asymmetry, well observed at meter wavelengths is also
observed at decameter wavelengths.

The occurrence of two distinct classes of type III bursts in storms is discussed : ‘off-fringe’ and ‘on-
fringe’ type III's. The ‘off-fringe’ III’s are found to be displaced in position from the continuum source ;
on the other hand, the ‘on-fringe’ ones coincide in position with the continuum. These two kinds of
bursts differ in other properties as well. -

A model of the storm region is proposed. The continuum radiation and the ‘on-fringe’ type II's
are believed to originate above closed magnetic loops, in regions of diverging field lines; the ‘off-
fringe’ type III’s are thought to be excited by energetic electron streams, having access to open
magnetic field lines at the base of the loops.

1. Introduction

Gergely and Erickson (1974, hereinafter referred to as Paper I) studied the relation-
ship of decametric storms with other aspects of solar activity. In this paper we study
the height, size, directivity and lifetime of the decametric sources. The time period
considered is the same as in Paper 1, and the storm regions are designated by the same
number as before. We also discuss the type III bursts observed during storms. These
bursts frequently appear displaced in position from the continuum. On the swept fre-
quency interferometer records this displacement appears as an-independent system
of fringes, guite distinct from that due to continuum radiation. Bursts coinciding with,
and displaced from the continuum shall be designated as ‘on’ and ‘off*-fringe type III’s.
It is likely, that the ‘on’ and ‘off-fringe’ type III’s correspond to the same as type IIIS
and type III bursts respectively, used ocassionally in the literature to designate the
bursts at meter wavelengths. Figure 1 shows a record of a storm, illustrating two types
of bursts. An empirical model of the storm region is presented in the final section.

2. Height of Decametric Storm Sources

The height of the source of continuum storm radiation was determined by Clavelier
(1967) at 408 MHz and at 169 MHz by Malinge (1963). Clavelier (1967) used two
different methods to determine the height of the sources. In the first method he asso-
ciated a radio storm region with an optical center of activity. By assuming that the
radio source was located radially above the associated active region, its height with
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Copyright © 1975 by D. Reidel Publishing Company, Dordrecht-Holland
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Fig. 1. ‘On’ and ‘off-fringe’ type III bursts, observed during the 1971 May 7 storm. a, b and ¢ are
‘off-’; d, e and f are ‘on-fringe’ bursts.

respect to the photosphere could then be determined. The second method made use of
the apparent velocity of the radio source close to the CMP date. These two methods
are complementary, insofar as the accuracy is concerned. The first method gives good
results for sources located close to the limb, while the second one is more accurate for
sources close to the central meridian.

The mean height of the sources at 408 MHz, determined by using the first method
was 1.1 Ry. The second method gave 1.0810.03 R, (Clavelier, 1967). A total of 77
sources was studied by the first method; 10 sources were studied by the second method.
Malinge (1963) used the second method at 169 MHz, and found a rather large scatter
in her determinations, the sources being distributed between 1.2 and 2.7 Rg. The
mean height was found to be 1.5 Rg. To our knowledge no determinations exist of the
height of long lasting sources at decameter wavelengths. In Paper I, we have shown
that decametric storm sources cannot generally be associated with a single active
region, rather the sources appear to be associated with a complex of active regions.
Further the sources are directive towards the center of the disk. Consequently little
use can be made of the first method discussed earlier, which requires a definite asso-
ciation at the limb, of a storm center with an active region. In our work, we have
performed a least squares analysis based on the second method in order to determine
the height of the noise storm sources at 60, 50, 40 and 30 MHz.
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The east-west position of the sources was determined several times daily. Details of
the reduction procedure have been given elsewhere (Kuiper, 1973; Gergely, 1974).
The position of the source was determined at a given time and frequency by averaging
the positions of the fringes in a 4 MHz band, centered on the desired frequency. For
example, to obtain the position of a source at 40 MHz we averaged the positions given
by the fringe lines in the band 3842 MHz. Such a 4-MHz band contains from 1 to 4
fringes depending on the time of the day. All positions obtained this way at a given
frequency and on a given day were averaged to obtain the mean daily position of the
source. By averaging a large number of measurements we hope to minimize the effects
of ionospheric refraction. For the same reason only measurements up to two hours
before and after the local meridian transit were used.

Let us assume that a source situated at R solar radii from the center of the Sun and
latitude A corotates with the photosphere. Its east-west position (measured with the
L.P.A)) is then given by

¢ = R[cos A coswt sin(P + ¢)sin B + cos A sinw? cos (P +¢) —

—sinAsin(P + ¢) cos B], 0y

where P is the position angle of the solar axis of rotation, measured to the east from
the celestial north, B is the heliographic latitude of the center of the disk, ¢ is the
position angle of the interferometer fringes measured to the west from the celestial
north, and w is the angular velocity and ¢ is the time; t =0 corresponds to central
meridian passage. We define

=Y [e(t)—al, (2

1

where ¢ (¢;) is the position of the source corotating with the Sun and situated at height
R and latitude 4, as given by Equation (1), and the g, are the observed daily positions.
It appears that minimizing x> simultaneously with respect to R and A allows the deter-
mination of both these parameters of the source. Further, by varying the CMP date
(maintained constant up to this point) it, too, can be determined. However the deter-
mination of the latitude of the source is not possible to a good degree of accuracy. It
has been shown (Paper I) that although it is not possible to associate a decametric
storm with an individual active region, it is still possible to associate each storm with
a complex of active regions. Consequently, in determining the height of the storm
regions, the search for minimum in y? has been restricted to those latitudes occupied
by these complexes of activity.

For each of the six decametric storms considered, y?> was computed from Equa-
tion (2). For a fixed CMP date, the value of R was varied in steps of 0.05 R between
1.05 and 3.0 Ry,. The latitude was varied in steps of 5°, between 45° north and 45°
south. The procedure was then repeated by varying the initial value of the CMP date
in steps of 0.1 days. Rather severe restrictions were imposed on the data:

— Days for which less than four position determinations were available at a given
frequency were not included in the analysis at that frequency.
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— When data were available for less than five days around the CMP date for a given
frequency no height was determined at that frequency.

— Only data taken up to four days before or after the CMP were included in the
height determinations.

The last restriction of the data was imposed because the sources usually appear
higher at the limb (Malinge, 1963); either because the effect of scattering is larger
(Riddle, 1972a) or because the emission of second harmonic is prevalent close to the
limb.

It 1s important to note that the method employed does not imply that the radio
source is located radially above an optical center, an assumption used by most workers.
The method does, however, imply a constant rotation rate for the sources. An angular
velocity of 14.4 deg day~! was used in the computations. Variation of the rotation
rate with latitude was neglected.

TABLE I
Latitude of decametric sources and associated active regions
Decametric McMath Latitude Latitude Latitude x%min
region region range of
«2 search 408 MHz 169 MHz 50 MHz
1 11108 N19 N20-S15 S10-S15  S15 S5-N20
11112 N10
11111 S3
11110 S13
11114 si4
2 11128 N20 N20-S15 St5 N20 N20
- 11129 Ni12
-~ 11130 813
3 11256 N20 N20-S20 S5-0 S20 S10
11257 N9
11249 N4
11250 S5
11253 S5
11255 Si8
4 11294 N4 N10-N15 N5-N10  NIO-N15 NI10-NI5
11296 NI15
5 11423 Ni5 N15-S10 S15-810 - N15
11433 Ni2
11429 Nio
11425 N6
11430 S5
11424 s7
6 11480 NI18 N20-S15 N20 N20-S15 N5-N20
11478 Ni4

11482 S12
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Table I shows the McMath number of the active regions associated with each storm,
the latitudes at which they were located, the latitude range searched for minima for
each storm region and the latitude of minimum y? at 408, 169 and 50 MHz. We have
determined the height of two decametric sources at 60 MHz, all six sources at 50 MHz,
four at 40 MHz and two at 30 MHz. These results are shown in Table II. Also in-
cluded in this table are the heights of the noise storm sources at 408 and 169 MHz.
The heights at these frequencies were computed by using data published in the Solar-
Geophysical Data. The same method of computation was used as for the decametric

TABLE II
Distance of storm regions from the center of the Sun?
Region 408 169 60 50 40 30
MHz MHz MHz MHz MHz MHz
1 1.05+0.0 1.2540.15 1.7 +0.2 2.0 +0.2 2.5 +0.2 -
1.7 +0.2 2.0 £+0.2 2.2540.2
2 1.0540.05 1.35+0.20 - 1.6 +0.15 - -
1.554-0.15
3 1.0540.1 1.354:0.1 - 2.0 +0.3 2.3540.55 -
2.0 +0.3 2.3 +0.5
4 1.2540.15 1.5 40.05 1.7540.2 1.8 40.15 2.0 £0.1 2.3540.3
1.7540.15 1.8 +0.1 1.9 +0.15 2.3 4+0.25
5 1.1040.1 - - 1.404-0.1 - 1.604-0.25
1.1040.1 1.4 40.1 1.5540.2
6 1.1540.1 1.2540.1 - 1.5 +£0.2 1.8540.2 -
1.054+0.05 1.204-0.1 1.5 +0.2 1.75 £0.2

& The top line for each region shows the heights uncorrected for refraction and scattering, the bottom
line shows the corrected heights. All distances are in solar radii. The errors given correspond to y2=1.5
X%min levels,

sources. The errors given in the table refer to the heights where y? reaches a value
x?=1.5x2,.. Figure 2 shows two of the y* contour plots. As can be seen from the
errors given in Table II, and also from Figure 2, the minima in x* are well defined
along the R-axis. On the other hand, the minima appear rather elongated in the
direction of the A-axis.

Figure 3 presents the 60 MHz observations for decametric region 1 and the 50 MHz
observations for decametric region 6. The crosses indicate the observed mean position
of the source for each day. The continuous line indicates the locus of the points traced
by a source located at a height of 1.7 R and latitude 0° for region 1 and a height of
1.5 Ry and latitude N10° for region 6. The position corresponding to August 25
(region 6) was not used in the least squares analysis, as the source was then five days
away from the CMP.

At 408 MHz the height of the sources varies between 1.05 Ry and 1.25 Ry, the
average height of the eight sources being 1.1 R, in excellent agreement with the results
of Clavelier (1967). At 169 MHz the average value of the height of the sources turns



168 T.E.GERGELY AND M.R.KUNDU
A 10°S 0° I0°N 20°N
1.3 1 [ T | _

J 1 I ]
REGION! 60 Mhz

A _10°S 0° I0°N 20°N
I |

R/R

20k -

] | | 1
REGCION 6 50 Mhz

Fig. 2. x? contours for decametric region 1 at 60 MHz, and for decametric region
6 at 50 MHz (see text).

out to be 1.3 R, slightly lower than the value obtained by Malinge (1963). The small
discrepancy can most certainly be attributed to the fact that we have excluded the
limb sources from our analysis. As pointed out by Malinge (1963) limb sources tend
to appear higher than sources close to the center of the disk, thereby increasing the
average height of the sources.

At 50 MHz the six sources studied appear to be distributed between 1.4 and 2.0 R,,.
The average height of the sources at this frequency is 1.7 Rg. At 40 MHz the mean
height of the sources is higher, approximately 2.1 R. The scatter in the height of the
sources at 50 MHz is smaller than for the 169 MHz sources observed by Malinge
(1963). Again, this is likely to be the result of the elimination of the limb sources from
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the sample. The observed scatter of the height of the sources at a given frequency is
still large. However, the dispersion with frequency of the height of emission appears
to be characteristic for each source.

The propagation of radio waves between a coronal source and the Earth is influ-
enced by three effects. These effects are: (1) refraction in the Earth’s ionosphere;
(2) refraction in the Sun’s corona; and (3) coronal scattering. We shall make no
attempt to correct our results for ionospheric refraction, except that we use only
observations up to two hours before and after the transit of the Sun. Ionospheric refrac-
tion is minimum at this time.

Refraction in the corona arises because the corona is an inhomogeneous medium.
Due to the effect of coronal refraction the position of limb sources will appear to be
shifted towards the center of the disk. For sources close to the center of the disk the
shift will be small, if any (Kundu, 1965).
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R || ¥
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Fig. 3. East-west positions of decametric region 1 at 60 MHz and of decametric region 6 at 50 MHz,
The crosses indicate the measured source positions; the heavy line is the result of the least-squares
fit at the latitude and height indicated.

In addition to the smooth variation of the electron density, the corona shows small
scale electron density fluctuations. Radio emission scattered off these density fluctua-
tions will be deviated towards the limb and will tend to cancel the shift due to refrac-
tion (Fokker, 1965). The effect of both refraction and scattering were taken into
account recently by Leblanc (1973). According to her brightness distribution diagrams
(Leblanc, 1973) the shift of the centroid of the source of 30 MHz fundamental radia-
tion increases almost linearly with heliographic longitude, until the source reaches
about 75 deg. We corrected the height of the decametric sources for refraction and
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scattering based on this calculation. At 30 MHz we assumed a shift in the position of
the source towards the limb of

(40)30 mu. = 1.25 x 1073L 3

which fits closely the published brightness distribution diagrams (Leblanc, 1973). In
Equation (3), 4g is expressed in solar radii and L is the longitude of the source, ex-
pressed in degrees. From the above relation one gets a shift of 1.8’ for a 30 MHz
source, radiating at the fundamental plasma frequency and located at +85° longi-
tude. As we know, the angular deviation of a ray varies as £ ~? for both refraction and
scattering and both effects vanish at high frequencies. Consequently, in order to
compute the shift of the sources at frequencies other than 30 MHz we used the ex-
pression
900

(40)r vpz = m x (40)30 vz - 4

This correction was incorporated in the 2 relation in the form

gri = ¢; — 4o;, (5

where the g, are the true east-west positions of the source, the g; have been defined
earlier and the Ag are the corrections given by Equations (4) and (5).
Redefining > as

1= Z le(t) — er?? (6

we recomputed the height for the decametric sources. The results so obtained are
shown in Table IL. It is clear that the scattering correction influences only slightly the
heights obtained before. This is due to the fact that only the positions obtained up to
four days before or after the CMP were used in the original calculations. At these
longitudes (L < +56°) the combined effect of scattering and refraction on the source
position is small. We have adopted the corrected heights as the true heights for the
sources. Subsequent discussions will be based on these heights.

3. Electron Densities in Storm Regions

Both synchrotron and plasma radiation has been invoked to account for continuum
storms (Denisse, 1960; Takakura, 1960). In the case of synchrotron radiation we
expect a broad spectrum of frequencies to be radiated at the same height in the corona.
For plasma radiation on the other hand, the radiated frequency is close to the plasma
frequency f = f,. Thus a narrow range of frequencies is emitted at each height, in the
vicinity of the local plasma frequency. This should be manifest as a dispersion in posi-
tion with frequency of the storm radiation, as is indeed found to be true in every
storm we have studied (Table II). Since the electron density decreases with increasing
height, the lower frequencies originate in each case at higher levels in the corona, in
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agreement with the plasma hypothesis. Objections to the plasma hypothesis have been
made (Wild et al., 1963), since storm sources are found to be located above the average
plasma level for a given frequency. This behaviour is commonly found only close to
the limbs, probably due to scattering of the radiation in the corona (Riddle, 1972b).
Further, each storm appears to have its own characteristic dispersion of height with
frequency. Thus comparison of the height of individual sources with an average
plasma level may not be meaningful.

It appears that the synchrotron hypothesis could explain the observed frequency
dispersion with position if we include the ‘Razin-Tsytovitch’ effect. Current density
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Fig. 4. Electron density of the corona according to various models. The range of heights where the
decametric storms were observed is indicated by bars.



172 T.E.GERGELY AND M.R.KUNDU

8
10" — REGION | — REGION 2 [~ REGION 3
Ne [ r -
[em™] [ C :
— - =3
L o] L]
L— ~ o ™
% %
FA z
m m
IO7:- % — ‘é
- e - 2
L. E3 : *
- =
-\ -
B\ RS
3 -\2\ e - "2\ i
I\ 1\
6 1 { { 1
1) 2 3 3 2 R/R,
Ne : REGION 4 : REGION & : REGION ©
[em 3] i ™

Illlll

T

=

=

@

A\
& 1

10

3 | R/R,

Fig. 5. Electron density distributions in individual storm regions. The distribution obtained by
Kuiper (1973) in the 65-20 MHz range, and the 2 X Newkirk streamer model are also indicated.

models for the corona (Figure 4) would, however, require magnetic fields of the order
of 2-15 gauss to exist at a height of 2.0 R, to explain the emission of 40 MHz radia-
tion at the same height (Table II). As this field strength seems rather high, we prefer
to explain the origin of the storms by the plasma radiation hypothesis. Other obser-
vational evidence exists in favor of the plasma hypothesis. We mentioned earlier that
a large number of type III bursts appear ‘on-fringe’ during noise storms, indicating
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that the IIT’s coincide in position with the continuum over the observed frequency
range of 65-20 MHz. Since the plasma hypothesis has been advanced to explain the
observed frequency dispersion of position for the type III’s, the same explanation
should be valid for the continuum. As it appears that the storms are due to plasma
radiation, it follows that the frequency of emission of storm continuum radiation is
related to the electron density in the corona.

We now discuss the density structure of coronal regions where the decametric
storm radiation originates. Densities in the various coronal structures above active
regions have been determined by optical and radio measurements. A summary of the
methods used, and the resuits obtained has been given by Newkirk (1967). In streamers
above active regions, density enhancements up to two times over the background
corona have been found by optical methods (Newkirk, 1967). On the other hand, the
radio observations (Wild ez al., 1959; Weiss, 1963; Malitson and Erickson, 1966)
suggest densities which are two to three times enhanced above the values obtained by
optical methods. Kuiper (1973) analyzed the position of 190 isolated type III bursts
and found their mean height to be 1.6 +£0.13 R, at 60 MHz. His analysis showed a
faster decrease of electron density with height, compared to that observed by others.

Figure 4 shows the density variation of the corona according to several models that
have been proposed. Also included in the figure are the measurements of Wild et al.
(1959), Weiss (1963), Malitson and Erickson (1966), and Kuiper (1973). The dashed
line shows the density variation found by Kuiper in the range 65-20 MHz. Bars in the
diagram identify the region which corresponds to our decametric observations, and to
the Nangay observations at 169 MHz, assuming that the radiation occurs at the fun-
damental plasma frequency. The wide spread of the observations is apparent and
indicates that noise storms can be generated under fairly wide variety of conditions.

The variation of density with height for each of the individual storm regions is
shown in Figure 5. Again, we assume that radiation at the fundamental frequency
was observed. The error bars in the figure correspond to the y?=1.5x2,, level in the
computation of the height of the sources. For comparison, we also show the densities
corresponding to a two times Newkirk streamer model and the slope derived by
Kuiper (1973). It is obvious that both moderately low and high density regions are
involved. Regions 2, 5 and 6 belong to the first category and regions 1, 3 and 4 to the
second. We have shown in Paper I that the storms are associated with magnetic
arcades and loops. It seems likely that the difference in the density gradients between
the regions studied arise due to the different heights at which the magnetic loops close
in the corona. Below the closed magnetic field lines, the plasma is contained, and the
densities are high (Pneumann, 1968). Above the loops, where open configurations
exist, the plasma expands, constrained only by gravitational forces and the electron
density drops to lower values. This suggests that magnetic field lines which were
closed at low altitudes in the corona were associated with regions 2, 5 and 6. On the
other hand the closed field lines extended to greater heights above the other three
regions studied. The age of the active regions associated with the storms appear to
substantiate this suggestion. The most active chromospheric regions associated with
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the storms 2, 5 and 6 were McMath 11128, 11425, and 11482, respectively. Of these
three regions McMath 11128 and 11425 were very young active regions, undergoing
their first rotation. We expect therefore that the associated magnetic field lines closed
low in the corona (Newkirk, 1967). The region McMath 11128 was undergoing its
second rotation. The most flare active regions associated with the other three storms
were McMath 11256 and 11294, in course of their second rotation, and McMath 11111
in course of its first rotation at the time of the storm, but situated in the midst of two
very old plages (McMath 11108 and 11112). The flare activity was generally higher in
those complexes of active regions which were associated with low density coronal
regions. The most active regions associated with the storms 2, 5 and 6 produced 132,
87 and 292 flares respectively over the duration of the storm. On the other hand 63,
34 and 92 subflares occurred in the most active regions associated with the decametric
storms 1, 3 and 4 respectively.

4. Size of Decametric Sources

One dimensional size of the sources of storm radiation was determined by Clavelier
(1967) at 408 MHz and by Malinge (1963) at 169 MHz. At 408 MHz, the diameter
of the sources was found to vary between 1’ and 2', approximately 0.1 Ry,. The size of
the sources at 169 MHz was found to be greater, the mean diameter being about
0.25 R, but sources as large as 0.6 Rg, have been observed occasionally. No variation
in size of the sources with heliographic longitude was found at 169 MHz (Malinge,
1963), implying that the height and width of the sources was approximately equal. No
relation was found between the size of the source and the intensity of emission.

In the following discussion we shall assume that the brightness distribution of the
decametric sources, as well as the interferometer lobe patterns are approximately gaus-
sian. The angular size of a source is then given by the expression

6> = 0% — 63 (7N

for sources that are larger than the beamwidth. In the above equation 8, is the ob-
served width of the source and 0, is the beamwidth. For the L.P.A., the beamwidth
near the meridian is about 0.3 Ry at 60 MHz and 0.6 Ry at 30 MHz. When the in-
tensity of the emission is high, the record becomes saturated and Equation (7) is no
longer valid. While such cases are relatively common for type Il bursts and type II-1IV
events, they are rare for continuum storms. We exclude from our analysis of source
sizes the observations of one day (1971 August 24) when this happened. At 60 MHzthe
source size ranges from 0.3 R, to 0.8 Ry. One very large source of 1.2 R, was ob-
served. The mean diameter of 26 sources turns out to be 0.51 Ry. At 50 MHz the
source size ranges from 0.4 R, to 0.9 R,. Again we found the source of very large
diameter; at this frequency it was about 1.3 Ry. The mean diameter of 36 sources
turns out to be 0.75 R. The size of the sources is even larger at lower frequencies. At
40 and 30 MHz the mean diameter of the sources was found to be 1.0 and 1.3 R,
respectively. The large diameter source that we observed at 60 and 50 MHz was found
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to be even larger at these frequencies; its size was 2.0 R at 40 MHz and 3.0 Ry at
30 MHz. The variation of the mean source size and the beamwidth with frequency is
represented in Figure 6. In the decameter range the dependence of mean source size
on frequency can be described by the equation

D(RO) = 5.2 - 2.6 logﬁMHz). (8)

Figure 6 also shows the mean diameter of the sources at 408 and 169 MHz, as given
by Clavelier (1967) and Malinge (1963). It is seen that the source size increases much
more rapidly in the decameter than in the meter range.

We will show that the steeper increase of source size with frequency in the decameter
range corresponds to a steeper increase of the source size with height above the
chromosphere as well. Let us call the variation in source size 4R and the variation in
height above the chromosphere Ak, both considered over the same frequency range.
Then, for the two times Newkirk streamer model (Newkirk, 1961) AR/4h~0.66 in the
408-169 MHz range, while AR/Ah~1.46 in the 60-30 MHz range. If instead of a
density model we make use of the direct height determinations of Malinge (1963),
Clavelier (1967) and this paper, the ratio AR/Ah turns out to be 0.36 in the 408-
169 MHz range. In the 50-40 MHz range (the only one for which more than two
height determinations are available at each frequency), the ratio turns out to be 0.63.
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In either case the rate of increase of source size approximately doubles in the deca-
meter range, compared with the meter-decimeter ranges.

To investigate the variation of source size with disk longitude, we divided the
sources in three groups. The first group included all sources within +1 day of CMP.
The second group included the sources located between 1 and 4 days away from the
central meridian, and the third one the sources situated more than 4 days away from
the central meridian. The result of this investigation is shown in Table III. For the
group closest to the central meridian we have also indicated in parenthesis, the average
obtained when the large source previously mentioned (1971 July 19) is omitted. In
agreement with the results of Malinge (1963), no systematic center-to-limb effect was
observed, although a slight increase from center to limb was noticed at 50 and
40 MHz. No correlation between source size and height above the photosphere
was observed at 50 MHz. A visual inspection of the records reveals no correlation
between source size and intensity. Steinberg ef al. (1971) computed the size of the
scattered image due to a point source radiating at 169 MHz and located at 1.2 R,
They used Hansen’s electron density distribution for the background corona (Hansen
et al., 1969) and isotropic inhomogeneities. For large electron density fluctuations
e~4Y%;, they obtained a considerable increase in source size with heliographic longi-
tude. For a smaller fluctuation in electron density, a smaller increase in source size was
found. Kerdraon (1973) observed only a small increase in the size of type I sources
with longitude at 169 MHz. Our observations tend to confirm his results. Two pos-
sible interpretations are consistent with the observations:

— The extension in height of the decametric sources is smaller than their width. In
this case, scattering by large electron density fluctuations compensates for the decrease
in source size at the limbs.

— The width and the extension in height of the decametric sources are approximately

TABLE III

The average size of decametric sources at various longitudes
: (sizes in Rg)

Time: T=Tcmp+1d Tomp 1 <T<Temp+4d T>Tempd4d
Longitudes: 0< L < 20° 20° < L < 55° L > 55°
f(MHz)
60 0.57 0.5 0.5
©.5)
50 0.66 0.65 0.8
0.54)
40 1.19 0.92 1.3
(1.12)
30 1.56 1.22 1.2

(1.2)
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equal. Then the electron density fluctuation in coronal inhomogeneities is small, pos-
sibly of the order of 19 or less.

Finally, we should mention here that the size of the decametric sources is by no
means constant, but it changes considerably even over short periods of time. These
variations in source size are uncorrelated over frequencies separated by as little as
10 MHz, and are likely to be due to the fine structure observed at these wavelengths.

5. Lifetime and Directivity of Decameter Storms

The number of storm regions studied by us was relatively small; further, no flux mea-
surements were available. Therefore we shall discuss here only briefly the directivity
and lifetime of storms. Figure 7 shows an histogram of the number of sources observed
as a function of their longitude from the central meridian. Since the first interval on
this histogram covers a period of three days (CMP date+ 1 day) and all other intervals
cover only two days, we have indicated in the first interval the number of sources cor-
responding to two days by the dashed line. The histogram indicates a smooth variation
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Fig. 7. Number of decametric sources observed as a function of days from the
central meridian passage.
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of the number of sources observed with heliographic longitude. It also indicates an
observed cut-off of the sources at approximately 45 days from the central meridian,
corresponding to about 70° in longitude. Intense moving type IV events were observed
several times at higher longitudes during the period considered here. Some of these
type IV sources were associated with the storm regions considered here; however no
storm radiation was recorded immediately before the type IV burst. A stationary con-
tinuum after the moving burst was observed for a short time in some cases. When
storm continuum was observed close to the limbs it was generally weaker than when
it was observed near the disk center.

No variation with frequency of the directivity of continuum storms was observed
within the available frequency range. Four of the six storms studied were seen for
seven days. One of the other two regions was observed for six days and the remaining
one for five days. At least in one case (region 2) the storm ceased altogether for one
day but did reappear before the observing was resumed the next day.

Finally we might remark that the east-west asymmetry found by Malinge (1963) at
169 MHz seems to persist at decameter wavelengths also. Out of a total of 37 sources
observed at 60 MHz, 20 were situated on the western hemisphere and only 11 on the
eastern hemisphere, the other six being observed at the CMP, Further, no source was
observed for more than three days before CMP, whereas several sources were observed
for four and even five days after.they passed the central meridian. '

6. Type III Bursts Related to Decametric Storms

We have discussed so far the properties of storm continuum sources observed at
decameter wavelengths. It is well known that many type III bursts are observed at
these wavelengths during the storms. The type III's occur both ‘on-’ and ‘off-fringe’;
in other words they are coincident with or displaced in position from the continuum
sources. Displacements of type I burst positions from the continuum source at 408
and 169 MHz have been observed by Daigne et al. (1971). Further, Kai (1970) ob-
served differences in the positions of type I and type III sources at 80 MHz which
occurred in the course of storms. From the difference in the position and polarization
of the two classes of bursts he concluded that the type III bursts originated in regions
of weak or zero magnetic fields, while the type I bursts originated close to regions of
strong magnetic fields. We describe now some properties of the type III bursts in
storms as they appear on the Clark Lake records. In particular we shall discuss their
association with flares and the distribution of their starting frequencies.

Because of the large number of type III bursts occurring in noise storms it is difficult
to decide when a given burst is or is not flare associated. The criterion used in this
work was the following: (1) If a type III burst or group of bursts starts during the flash-
phase of a flare, and (2) if the intensity of the burst is noticeably higher than the intensity
of the preceding bursts, we considered the burst to be flare associated. In practice flare-
associated bursts are easy to recognize because their intensity is always much higher than
that of the run-of-the-mill type III bursts in storms. The reverse is not true however;



DECAMETER STORM RADIATION, II 179

occasionally an exceptionally intense type III burst could not be associated with any
flare reported in the Solar-Geophysical Data. Figure 8 presents an example of a flare
associated type IIl group, which occurred on 1971 August 21. The contrast in inten-
sity between the flare associated group and other type III bursts is obvious. Without
exception the flare associated type III bursts started above 65 MHz, our highest ob-
serving frequency. Most of the bursts was observed over the entire range of 65-20 MHz.
Some bursts, however, disappeared beforereaching the low frequency limit of 20 MHz.
The first burst of the 1971 August 21 group is an example of a burst with such a low-
frequency cut-off.

Flare associated type II1 bursts have only been observed by us during the 1971 July
and August storms (regions 5 and 6). The burst associated with region 5 was observed on
1971 July 19. A minor flare (imp. — F) occurred in McMath region 11425 at 21:05 UT.
Very weak continuum emission was recorded preceding the flare. Simultaneously with
the flare, an intense type 111 group started and was followed by a type V. The duration

AUGUST 21,197

18:112 , 13:100 T 12:43¢

Fig. 8. A flare associated ‘off-fringe’ type IIT group observed on 1971 August 21. Note the low-
frequency cut-off in the first burst of the group.
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of the type IIl group was approximately 7 minutes. Enhanced continuum emission
was observed thereafter, until the end of the observing period. Occasional type III
bursts were seen later that day but no other flare was reported. The type III group was
‘off-fringe’, it was located about 0.3 R west of the subsequent continuum source at
all frequencies.

Numerous flare associated type III groups were observed during decametric storm
region 6. All of these bursts were associated with fiare activity in McMath region 11482
(Lazareff and Zirin, 1973). Most of the bursts were very intense and saturated the
records (Figure 8), rendering precise positional measurement difficult. On August 20,
the first intense type III groups occurred 0.4 R, to the east of the continuum source,
at 60 as well as at 40 MHz. This separation of the continuum and type III sources
remained constant through August 21 and 22; no flare associated III was observed
after this date.

Many other ‘off-fringe’ type III’s were observed during these two storms as well as
during other storms. No flare association could be found for these bursts on the basis
of the flare list published in Solar-Geophysical Data. On the other hand, no flare asso-
ciated ‘on-fringe’ type IlI burst was ever observed. In order to investigate further this
point we studied the rate of occurrence of ‘on-’ and ‘off-fringe’ type III bursts relative
to the occurrence of flares. We counted the number of type II’s which occurred in
12 minute intervals during the storm of 1971 May 8. Three subflares occurred during
the observing period on this day. No significant increase in the number of either
‘on-’ of ‘off-fringe’ type I1I’s was observed during the flash phase of these subflares. A
small increase in the number of bursts is suggested by the data, with a 12-24 minute
delay after the flash-phase of the flares. Some other features of the statistics deserve
further comment:

— The rate of occurrence of ‘off-fringe’ type III’s is much lower than the rate of
occurrence of ‘on-fringe’ type III’s.

— A much higher number of bursts is found at lower frequencies (25-35 MHz) than
at higher frequencies (55-65 MHz). These are characteristic features of all the storms
observed. Finally, the rate of occurrence of bursts, about one burst per six minutes at
60 MHz and one burst per minute at 30 MHz may be considered typical during deca-
metric storms.

Malville (1962) found that during noise storms the starting frequency of most
type I bursts coincided with the upper frequency of the storm activity. The distribu-
tion of the starting frequencies of type III bursts associated with storms of specified
upper frequency range was found to be bimodal. We investigated the distribution of
starting frequencies of both ‘on-’ and ‘off-fringe’ type III bursts separately. The results
for two storms considered here are shown in Figure 9. Relatively few type III’s have
been observed during decametric storm region 5. The starting frequencies of all bursts
occurring when continuum radiation was present is shown in Figure 9a. The average
starting frequency of the ‘off-fringe’ type III bursts was above 55 MHz. On the other
hand, the average starting frequency of the ‘on-fringe’ type III's was only about
43 MHz. A similar result was found for the other storm. In Figure 9b, is shown the
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Fig. 9. Distribution of starting frequencies of ‘on’ and ‘off-fringe’ type III bursts, (a) in course of the

July 1971 storm and (b) on one day (May 7), during the 1971 May storm. Type III bursts were much
more frequent during the May storm than during the July one.

histogram of the starting frequencies of all ‘off-fringe’ type II's observed on 1971
May 7, and of the ‘on-fringe’ type III's observed on this day during a three hour
period. The average starting frequency of the ‘off-fringe’ bursts is clearly higher than
that of the ‘on-fringe’ bursts. As in the case of Malville’s (1962) results, the histograms
given in this section should be viewed with caution. The sensitivity of the instrument is
certainly not uniform over the whole frequency range. The L.P.A. is most sensitive in
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the mid-frequencies, approximately 45-35 MHz. It seems to us, however, that the
variation in the sensitivity of the instrument alone could not account for the systematic
differences found between the starting frequencies of the ‘on-" and ‘off-fringe’ bursts.

The data presented here suggests that the type III bursts observed in the course of
decametric storms originate in two different sources. The ‘off-fringe’ type III bursts
which are displaced in position from the continuum source often appear associated
with flare activity. The higher starting frequencies of these bursts seem to indicate that
they originate iower in the corona than the ‘on-fringe’ type III’s which start, on the
average, at lower frequencies. Further, the flare-associated ‘off-fringe’ bursts are more
intense and of broader bandwidth than the ‘on-fringe’ ones. It is conceivable that the
bimodal distributions of type III starting frequencies found by Malville (1962) were
due to the two groups of type III’s occurring in different positions. Clearly, further
studies of simultaneous position and flux density measurements are desirable to elim-
inate the possibility of these effects being due to sensitivity variations of the instru-
ment in different spectral regions. Until such data become available the results
presented here must be considered as tentative. -

In most cases the ‘off-fringe’ type III bursts appeared to be displaced toward reg-
ions of open or diverging field lines on the magnetic maps (see Paper I). For example,
in the case of storm region 4 all ‘off-fringe’ type III’s occurred west of the continuum
source where the field lines appeared divergent (Figure 3d of Paper I). The very in-
tense ‘off-fringe’ I1I’s observed during the decametric storm 6 were displaced to the
east of the continuum source. Diverging field configuration can be seen to the east of the
magnetic arcade above which the continuum source was situated (Figure 3f of Paper I).
Thus it seems likely that the ‘off-fringe’ type 111 bursts are excited by electron streams
travelling along open field lines. They appear to be similar in this respect to the iso-
lated type III bursts studied by Kuiper (1973).

A number of other parameters related to type III bursts occurring in storms are of
interest. The accurate measurement of the size and duration of type II’s in storms
requires the measurement of relative intensities, since both ‘on-’ and ‘off-fringe’
bursts overlap to a certain extent with the background continuum. Such measurements
of intensity, simultaneously with position determinations over a wide range of fre-
quencies (e.g. 20-120 MHz) will certainly provide a better understanding of storm-
related type III’s.

7. Model of the Storm Region

We have discussed various aspects of noise storm phenomena as observed at decameter
wavelengths. We described the properties of the continuum source and the associated
‘on-" and ‘off-fringe’ type III burst sources. We now present a consistent physical
picture of the decametric storm phenomenon in all its different aspects and its relation
to radio emission at other wavelengths.

During the storms, which are stationary and long lasting (up to several days) there
are usually present on the solar disk several active regions. Some of these active regions,
which appear to form complexes at the chromospheric level, present a high level of
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flare activity. In Paper I we have shown that the active regions which constitute a given
complex interact with each other. We studied this interaction by the number of subflares
that occurred in a given region and that followed a subflare in another region of the
complex in less than 20 minutes. Typically twice as many subflares occurred in this
interval of time than expected on the basis of random occurrences. Similar results
could be obtained by varying the interval of time within reasonable limits (i.e. by
choosing it anywhere between 2-3 minutes and half an hour). Interconnections
between widely separated active regions were suggested previously from observations
of a different nature (Wild, 1969; Kai, 1969). Kai and Sheridan (1973), derived coronal
magnetic field configurations from the simultaneous 80 and 160 MHz observations of
two noise storms. From the position and polarization of type I and type III sources
they concluded that magnetic flux tubes, looping in the corona, constituted the link
between several active regions that were visible on the disk. Even more spectacular
evidence for magnetic interconnections between active regions has been revealed by
soft X-ray pictures obtained on rocket flights (Krieger ef al., 1970). When compared
with longitudinal photospheric fields these interconnections are manifest by the link-
ings of opposite magnetic polarities in widely separated active regions. The beautiful
X-ray pictures obtained in the course of the Skylab experiment also show complex
interconnections between several active regions (Vaiana et al., 1973). Vaiana et al.
(1973) concluded that the majority of the coronal features observed presented closed
loop configurations. The association of decameter storms with both high and low
magnetic arcades also points to a magnetic origin of the interconnections between
active regions.

No bursts in the cm or dem wavelength range appear to be associated with noise
storms. However, the CMP of decameter storm regions coincided, within a day or
two, with the CMP of intense cm wavelength sources. Consequently, the decameter
sources observed must overlie the slowly varying regions. When a noise storm is in
progress there are usually two or more decimetric sources present, each associated with
a distinct chromospheric active region. At lower frequencies (below 400 MHz) type 1
bursts begin to appear superimposed on the continuum.

At even lower frequencies (below 100 MHz) the rate of occurrence of type I bursts
diminishes. Instead a large number of type IIl bursts appear. Previous studies of
noise storms show that this spectral pattern is frequently observed (Malville, 1962;
Hanasz, 1966; Stewart and Labrum, 1972). Further, in some cases observed by Hanasz
(1966) the type III bursts appeared to ‘grow’ out of chains of type I bursts. At de-
cameter wavelengths the continuum itself appears to be very bursty due to the fine
structure (de la Noé€ et al., 1973) and it is often difficult to separate the continuum
from the bursts.

All decameter bursts studied by us showed dispersion in the height of emission with
frequency, the higher frequencies originating at lower heights. This observation is
consistent with the suggestion made by Denisse (1960), that the storms are due to
Cerenkov-plasma radiation. Accordingly, from a knowledge of the height and fre-
quency of emission, and assuming either the fundamental plasma frequency or its
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harmonic, the variation of the electron density with height can be determined in the
storm region. In this paper we have assumed that radiation occurs at the fundamental
plasma frequency. It must be emphasized that we made use only of data related to
decametric sources which were close to the center of the disk (heliographic longitude
L] < 56°). Since meter and decameter sources frequently appear higher near the limb,
than at the disk center, by limiting ourselves to disk sources we have computed a
lower limit to the height of the sources.

The mean linear size of the decameter source is found to be large; it increases with
decreasing frequency, and consequently with height above the photosphere. This in-
crease in the size of the source appears to be much more pronounced in the decameter
range than in the meter and decimeter ranges. No increase in the source size was found
with heliographic longitude of the source. This result is similar to that observed at
meter wavelengths; it seems to indicate that the width and the extension in altitude of
the emissive regions are approximately equal at decameter wavelengths too. The storm
continuum was found to be strongly directive towards the disk center. No storm was
observed more than five days away from the disk center, and the source appears to be
weaker toward the limbs. No variation of the directivity with frequency was found
over the frequency range 65-20 MHz. The east-west assymetry, found by Malinge

Continuum +
"On-fringe" Type Il's

Type I
"Off-fringe" Bursts

Type I's
dcm Sources

cm - Wave
Sources

Fig. 10. A proposed model of the storm region, indicating the positions of ‘on-’ and
‘off-fringe’ type Il bursts.
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(1963) at meter wavelengths have been observed at decameter wavelengths also. The
lifetime of a source was usually less than a solar rotation.

Two different classes of type III bursts occur during decametric storms: (a) the
‘on-fringe’ type III bursts which coincide in position with the continuum; (b) the
‘off-fringe’ type III bursts, which are displaced from the continuum by 0.1-0.5 R,
These bursts can also be termed ‘in-continuum’ and ‘off-continuum’ type III’s. The
starting frequency of the ‘on-fringe’ type III bursts was generally below 50 MHz. On
the other hand, the ‘off-fringe’ type III bursts usually start above 65 MHz, our highest
frequency. The ‘off-fringe’ type III's are generally more intense than the ‘on-fringe’
ones, and at least in some cases the ‘off-fringe’ type HI’s were clearly flare-associated.
No flare-associated ‘on-fringe’ bursts were ever found. Most ‘off-fringe’ type IlI
bursts covered the whole frequency range 65-20 MHz. On the other hand, the ‘on-
fringe’ type Il bursts frequently have a narrow frequency range of 20-30 MHz and
merge into the background.

We now present an empirical model of a typical storm region. The proposed model
is shown in schematic form in Figure 10. As discussed in Paper I, the storms are lo-
cated above active regions. which usually contain some spots; some of these spots
have strong magnetic fields. Magnetic loops join regions of opposite polarity within a
spot group; distant spot groups are also magnetically connected by loops or arcades.
Numerous minor flares are produced during the lifetime of a storm. In the course of a
typical storm subflares occur on the average at the rate of one every one or two hours
in one of the associated active regions. The energetic electrons that are released or
accelerated during a flare are injected at the base of the loops. A fraction of these
electrons become trapped, and mirror between the footpoints in the closed magnetic
configurations. The mirroring time of subrelativistic electrons in a dipole configura-
tion is given by

2m
T=2 \/ TZI’ roF (), ©)

where m is the electron mass, K is the kinetic energy, r, is the distance from the base
to the top of the loops, and F (4,,) is a function of the order of unity (Rossi, 1970).
For a loop extending 1.0 R, above the photosphere the mirroring time for 50 keV
electrons is about 20 seconds. Thus, it is possible for electrons and other particles
following magnetic field lines to impinge upon far-away regions into the chromosphere
and trigger ‘simultaneous’ flares and associated bursts. The trapped particles diffuse
somehow slowly through the magnetic field lines and excite plasma waves in the
manner proposed by Denisse (1960), giving rise to the storm continuum radiation.
Indeed, the source of continuum radiation is usually situated above filaments lying
in regions of weak or zero magnetic fields; the filaments indicate the presence of
neutral sheets higher in the corona along which electrons can travel. In order to ex-
plain the brightness temperatures of 10'* K observed at meter wavelengths, by means
of fundamental plasma waves which are converted into electromagnetic waves by
Rayleigh scattering one requires N,/N ~10~2, where N, is the density of electrons in
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the stream and N is the ambient electron density (Wild ez al., 1963). Now, if we assume
a linear size of 0.75 Ry for the source at 50 MHz, electrons of 50 keV and a ratio
NN ~10"2 we find that an electron flux of about 9 x 10%¢ electrons per second is
involved. Approximately 2 x 10°3 subrelativistic particles are involved in a medium
sized flare; the number involved in small flares may be one or two orders of magnitude
less (de Jager, 1970). Thus the electrons injected during a flare can easily account for
the electron fluxes required over a period of several hours.

We now consider the possible locations where the ‘off-’ and ‘on-fringe’ type III’s can
be generated. We believe that the ‘off-fringe’ type III’s are excited by electrons having
direct access to open field lines (Figure 10). Several observations support this assump-
tion. First, the bursts are displaced in position from the continuum. Secondly, the higher
starting frequency and larger bandwidth of the bursts indicate that the generating elec-
tron streams start deep in the corona and travel unimpeded along their path. Thirdly,
when one compares the position of ‘off-fringe’ III’s with that of the coronal magnetic
structures (Newkirk and Altschuler, 1970), the bursts are usually found to be situated
near open or diverging field lines. Finally, these bursts are more closely associated with
flares than the non-flare associated ‘on-fringe’ III’s. The latter have lower starting
frequencies; so they must be produced higher up in the corona. In this context it is
useful to consider the generating mechanism of type III bursts proposed by Gordon
(1971). This mechanism is based on the observation that type III bursts frequently
appear to grow out of chains of type I bursts, and that most type III’s start close to the
low frequency limit of type I activity. The suprathermal electrons responsible for
type I bursts excite turbulent plasma waves. By a non-linear mechanism the plasma
waves then scatter the electrons to accelerate them to velocities of the order of 0.1-0.6c¢,
which become the exciters of type III bursts. An objection to this mechanism has been
raised by Stewart and Labrum (1972), in that the transformation time needed to excite
the III’s is too low (10 72~1073 s in the 10-100 MHz range) to explain the difference in
position of the type I and type 11 sources observed at 80 MHz. At decameter wave-
lengths, however, most type III’s are of the ‘on-fringe’ variety and an inspection of the
interferometer records shows that most of the type I bursts also coincide in position
with the continuum. As stated in Paper 1, the type I bursts are not easy to identify on
the basis of interferometer records alone. A detailed comparison of the positions of
type I and type III bursts in course of some decametric storms, making use of both
interferometric and spectral information is now under way (de la Nog& and Gergely,
in preparation).

The displaced type III bursts observed at 80 MHz are probably the ‘off-fringe’
type III’s referred to in this paper. According to Boischot e al. (1971) the type I-type {11
transition region corresponds to the transition from closed to open field lines in the
corona. This suggestion appears to be supported by the large angular size of the
sources, which increases rapidly with decreasing frequently and, therefore, with in-
creasing heights. '

Clearly, our tentative model leaves at least one feature of decameter storms unex-
plained, namely, the repeated injection of electrons by subflares does not reflect in the
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impulsive nature of radio emission. Since the relaxation time for the nonthermal
electron beams is short, one needs an additional mechanism to smooth the supply of
nonthermal electrons. At the present time it is not understood which ‘smoothing’
mechanism is responsible for this effect.
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Abstract. Observations of a coronal disturbance on 1973 January 11 comnmencing at 18001m UT are
described. The event is homologous with an earlier disturbance from the same region of the corona.
The observations suggest that a cloud of coronal gas containing ~4 X 103° electrons propagated
outwards to > 5 R, behind a piston-driven shock wave travelling at a velocity of 800 to 1200 km s—1.

1. Introduction

On 1973 January 11 two coronal disturbances were observed at Ha, white-light and

. radio wavelengths. The first disturbance commencing at 00®°36™ UT has been described

in Paper I (Stewart ef al., 1974). In this paper we describe observations of the second
disturbance commencing at 18%01™, The radio data were recorded at Clark Lake
Observatory, University of Maryland. Ha observations of the spray were obtained
at Mauna Loa, High Altitude Observatory. The brightness of the white-light corona
during the event was measured by the coronal activity monitor at Mauna Loa and the
whitelight coronagraph on OSO-7, US Naval Research Laboratory experiment.

The combined observations show that the second event was remarkably similar in
detail to that of the first one 17 h earlier. This result extends the concept of homology,
originally applied to Ha chromospheric flares (Ellison ez al., 1960), to the complete
coronal disturbance at 1 to 9 R,

i
: 2. Ho Observations

The Ha spray recordeq by the Mauna Loa coronagraph (10 A band-pass) began at
18%01™ as a bright molnd at position angle 285°. The associated chromospheric Ha

* On leave from Division of Radiophysics, CSIRO, Sydney, Australia.

Solar Physics 36 (1974) 219-231. All Rights Reserved
Copyright © 1974 by D. Reidel Publishing Company, Dordrecht-Holland



220 R.T.STEWART ET AL.

1ghosm tghism

NORTH o .




OBSERVATIONS OF CORONAL DISTURBANCES FROM 1 T0 9 R, IT 221

flare occurred in the plage region of McMath No. 12160. Flare brightenings were
observed near the edge of the solar disk (positions x and y of Figure 1) with the
Haleakala (University of Hawaii) flare patrol telescope from 18%09™. The bright
mound on the coronagraph pictures rapidly expanded outwards in the form of an
expanding hook (see coronagraph pictures at top of Figure 1). From 18%11™ to
18729™ several bright blobs of spray material were traced outwards to <1.7 Ry, along
linear trajectories (A, B and C of Figure 1) and found to have very nearly constant
projected velocities of 450, 480 and 230 km s~ (respectively).

The spray cone outlined by ejecta A, B and C of Figure 1 was similar to that of the
event described in Paper I (open circles and dashed arcs of Figure 1) but tilted 10°
closer to the radial direction. Another eruptive Ha event occurred in the same region
from ~17%20™ to 18P00™ associated with a chromospheric flare (N10°, W 90°)
beginning at 17%15™. When coronagraph recording began at 17"50™ material from
this earlier event was at heights <1.7 Ry (see dashed outlines of Figure 1). To
avoid confusion with the first (Paper I) and second (18%01™) coronal disturbances we
will refer to the 17815™ to 1800™ event as the ‘earlier eruptive Ha event’.

3. Radio Observations

The radio observations were obtained with the Clark Lake sweep-frequency inter-
ferometer operating in the 20 to 65 MHz range on an east-west baseline. This instru-
ment provides both spectra and one-dimensional positions. We have also used the
10 to 2000 MHz spectra from Harvard Radio Observatory (A. Maxwell, private
communication) to help identify spectral types. The Clark Lake spectral record from

17200™ to 19"00™ is reproduced in Figure 2. Position measurements from 18*06™ to
19°00™ are plotted in Figure 3.

An intense type III-V burst group and a short-wave fadeout was recorded at
17815™ (Figure 2) at the starting time of a small flare at 10°N 90°W. The main radio
event began at 18"%00™ (at the same starting time as the main Ha spray) with an
importance 2+ short-wave fade-out and an intense group of type III-V bursts from
18™00™ to 18705™. During this period the Clark Lake interferometer was being cali-
brated. Recording recommenced at 18706™ and continued until the end of the event
at 19%00™ (Figure 2). We distinguish four phases of activity on the interferometer
record:

Fig. 1. Top: Selected broad band-pass (10 A) Ha coronagraph pictures of the second flare spray
of 1973 January 11, Bottom: Sketch of the moving spray material from 18202m to 18226™ at 1-min
intervals. Filled circles joined by heavy lines show the trajectory of several bright blobs in the spray.
A, B and C refer to separate ejections of spray material travelling at velocities of 450, 480 and
230 km s~1 respectively. Within A and B, points corresponding to the same time are joined. Only
the outline of the spray is shown from 18702m to 18110™m, The dashed contours indicate the position
of material at 17252m associated with the earlier eruptive Ha event (see text). The open circles give
the positions of bright blobs (equal times joined by dashed arcs) in the first spray event commencing
at 00236m (Paper I). The dark areas on the disk labelled x and y indicate the
chromospheric flare regions.
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(1) A source of continuum of unknown classification from 18°06™ to > 18"09™ at
an east-west position of 2.0 R (50 MHz) to_2.4 Ry (30 MHz) (crosses of Figure 3).
This continuum source is seen on Figure 2 again at ~ 18%12™ and may be present as a
background source until at least 18"17™,

(2) Intense broad-band bursts from 18"09™ to 18%12™, which may be a mixture of
type II and type III bursts, with source positions of 1.5 Ry (50 MHz) to 2.2 R,
(30 MHz) (open circle of Figure 3). From 18"07™ to 18"11™ a great microwave burst
was recorded at Sagamore Hill (World Data Centre A for Solar Terrestrial Physics).

(3) An intense complex type II burst from 18"12™ to 18"21™. The leading edge of
this burst was clearly defined on both the Clark Lake and Harvard spectral records
from 18"13™ to 18"17™. During this period the leading edge drifted from 45 to 30 MHz

20

FREQUENCY (MHz) "

Fig. 2. Dynamic spectrum from 17200m to 18400™ 1973 January 11 recorded in the 20 to 65 MHz

range by the Clark Lake sweep-frequency interferometer. Dark fringes indicate bursts; the continuous

fringes after 18200™ are caused by a long-lived continuum burst. The patterns from 17b54m to
18106m™ are caused by an aerial calibration. Vertical dots are 6-min time markers.
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Fig. 3. Measured one-dimensional displacement (west from the centre of the Sun) of the centroids

of burst sources during the second coronal disturbance of 1973 January 11. Crosses refer to an

unidentified continuum burst, open circles to type 111 bursts, triangles to type II bursts and closed
circles to a moving type IV burst.

with a constant drift rate of —0.06 MHz s~ *. The observed drift rate corresponds to
a radial velocity of 800 km s™* if 1 x Newkirk (1961) coronal streamer densities are
used, and 1050 km s~* if 2 x Newkirk values are used (Figure 4). Position measure-
ments of the leading edge of the burst (from the interferometer fringes) give a pro-
jected (east-west) velocity of 1170 km s™* (Figure 4). Since we do not know either
the correct densities or the effects of ray refraction and scattering on the position
measurements we cannot say which estimate is correct. We also note that for the
type I burst of the first event (Paper I) a similar range of velocities 800 to 1200 km s ~*
was derived.

The type Il burst positions (triangles of Figure 3) differ significantly from those of
the continuum and type III sources. The latter are probably located radially above
the flare region while the type II source may be radially above the spray cone (see
filled circles of Figure 35).

(4) A moving type IV burst from 18"17™ to 18"50™ with similar source positions
at 30 and 40 MHz. The source moved outwards systematically with a projected
(east-west) velocity of 580 km s~ !. If the moving type IV source travelled outwards
along a similar path to that of the first event (which was measured by the helio-
graph, and is shown by the dashed arrow of Figure 5) the projected velocity would
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Fig. 4. Top plot: Measured displacement (west) of the leading edge of the type II burst.
Botrom plot: Frequency versus time plot of the leading edge of the type II burst. If the frequencies
are converted to heights (right-hand axis) using 2 X Newkirk (1961) coronal streamer densities the
observed drift rate of 0.06 MHz s~ corresponds with a radial velocity of 1050 km s—! (see text).

be ~700 km s™*; in addition, the height of the final position of the moving type IV
burst would be in good agreement with the height of the leading edge of the white-
light cloud observed at 18"52™ (see light contour of Figure 5, and Section 5).

When the moving type IV burst faded at ~ 18"50™ there was no sign of the earlier
continuum source. The only other sources during the late stage of the radio event
were isolated type III bursts at 18741™, 18"48™ and 18"58™ (open circles of Figure 3).
The projected position of the 18"58™ type III burst nearer the centre of the Sun
could be due to its association with a flare on the solar disk at N12° W03° and an
X-ray burst at 18"57™ (World Data Center A for Solar Terrestrial Physics).

4. White-Light Observations below 2 R,

The brightness of the K-corona below 2 R, was measured from 18*25™ by the coronal
activity monitor at Mauna Loa. The first recording began about 25 min after the start
of the main Hux spray and about 1 h after the earlier eruptive Ho event. Only a small
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I¥ M of first
~ y "’ event

18" 1™ 18" " 8 4™

Fig. 5. Possible two-dimensional positions at three times of the type Il burst and moving type IV
burst of the second event of 1973 January 11 (filled and open circles respectively). Filled circles
indicate the intersection of the interferometer fringes (heavy lines) with the 40 and 30 MHz plasma
levels in a 2 X Newkirk (1961) coronal streamer model (b and a arcs) and in a Newkirk quiet corona
model (d and ¢ arcs). The dotted lines joining these points indicate the corresponding two possible
trajectories of the type II burst. Open circles indicate the intersection of the interferometer fringes
with the path of the moving type IV source of Paper 1, given by the dashed arrow (see text). S and F
indicate the Ha spray and flare centres. The hatched area indicates the spray cone. The light contour
outlines the bright cloud observed by the OSO-7 white-light coronagraph at 18152m,

change in brightness level was noted at this height (1.5 Ry ). (Compare full and dashed
lines in top plot of Figure 6.) Later scans at other heights showed steady brightness
levels very similar to the decreased brightness levels observed during the first event.
(Compare full and dashed lines in bottom plot of Figure 6, and see also Figure 4
of Paper 1.) Since for this second event the pre-event levels were not measured it is
not possible to determine if the brightness decreased during the second disturbance.
All we can say is that if the corona below 2 R, did recover in the intervening
17 h between the first and second events then the electrons were depleted in much
the same way during the second disturbance as they were during the first distur-
bance.
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Fig. 6. Coronal activity monitor scans of the polarized K-corona brightness pB (where p is the

polarization tangential to the limb and B is the radiance of the corona in units of 10-2 of the radiance

B, of the centre of the solar disk) at three heights — 1.1, 1.3 and 1.5 Rg. The times of the scans are

indicated. The dashed line (top plot) shows a small change in brightness possibly associated with the

end of a transient event. The dashed line (bottom plot) shows the (decreased) brightness after the
first transient event 17 h earlier (see text).
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Fig. 7b.
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Fig. 7c.

Fig. 7a-c. Contour plots of the excess brightness (above that of the quiet corona at 00014™) observed

by the white-light coronagraph on OSO-7 during the second coronal disturbance of 1973 January 11

at (a) 18242m, (b) 18452™ and (c) 19"01™, Brightness units are 10720 B, (where B, is the mean

radiance of the solar disk). The hatched cone indicates the Ha spray direction. The dashed arc at

2.5 R indicates the extent of the occulter disk. The polarization of the coronagraph is radial to the
Sun in the hatched region between 3.5 and 4.5 R, but tangential elsewhere.

5. White-Light Observations above 2.5 R

5.1. MAXIMUM BRIGHTNESS REGION

In the interval 18%38™ to 18"39™ an unusually large K-corona brightness (polarized
component) of 0.3x 1078 B, was recorded at a height of 2.67 Ry and a position
angle of 310° by the Mauna Loa coronal activity monitor. Several minutes later
the white-light coronagraph on OSO-7 recorded a maximum K-corona brightness
(tangential component) of 1.5x107® B, at a similar height and position angle.
The north-west quadrant of the corona was observed at 187427, 18%52™ and 19"01™
and the full corona was observed at 21"47™. To enhance the contrast of the corona-
graph pictures we have subtracted an earlier quiet corona picture recorded at 00%14™.
The first picture at 18242™ (Figure 7a) showed two brightness maxima, one at a height
of 2.8 Ry and position angle of 307°, the other at a height of 3.3 R, and position
angle of 284°. The former could be associated with the large brightness recorded by
the Mauna Loa coronal activity monitor at 18%38™-39™, At 18"52™ and 19%01™ this
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peak brightness region had moved out to heights of 3.0 and 3.15 R respectively
(Figures 7b and 7c). This bright region appeared to move outwards radially above the
spray cone (hatched area of Figure 7) with a velocity ~230 kms™* (short dashed
line of Figure 8). If it continued to move at this velocity it should have been observed
at a height ~6 R (i.e. within the field of view of the coronagraph) at 21"47™; but
it was not detected. Either this bright region expanded and faded or else it travelled
outwards at a faster velocity (v>400 km s™!) than estimated. A velocity of 230 km s~*
is consistent with this bright region’s being associated with ejecta from the early
eruptive Ha event (starting at ~17"15™); a velocity >400 km s~! is consistent with
its being associated with the second spray event (starting at ~ 18%00™). The second
bright region at position angle of 284° (Figure 7a) was not observed at 18"52™ or
19%01™ (Figures 7b and c).

R/R, \ L

®" oo™ 18" 3™ 19" oo™

Fig. 8. Combined projected height-time plots of the observed moving sources in the second coronal
disturbance of 1973 January 11. The light lines (labelled Ha) refer to the spray trajectories of Figure 1.
The dashed line (labelled K) refers to a brightness change recorded by the coronal activity monitor
(see Figure 6 top plot). The heavy and light lines (labelled IT) refer to the leading edge of the type II
burst (plotted using 1 x Newkirk (1961) and 2 X Newkirk coronal streamer densities respectively).
The heavy full line and dashed line (labelled IV M) give the minimum and maximum heights of the
moving type IV burst (see text and Figure 5). The open square (labelled K) shows the height of the
maximum brightness recorded by the coronal activity monitor at 18238w-39m, The dashed line and
filled circles (labelled max. brightness) give the height of the maximum brightness recorded by the
white-light coronagraph on OSO-7 at the times indicated. The error bars show the variation in height
of the leading edge of the OSO-7 cloud (at position angles between 280° to 310°) at the times indicated.
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5.2. LEADING EDGE OF THE 0S0-7 CLOUD

The leading edge of the OSO-7 cloud (associated with the faster spray event) was
difficult to define because its brightness level was only 109 higher than the background
corona (see Paper I). From Figure 7 it can be seen that in the second event the lowest
brightness contour observed had a ragged edge but seemed to be more or less
tangential to the Sun and confined within position angles of 275° to 320°. However,
the field of view of the OSO-7 coronagraph was restricted to only the north-west
quadrant for these pictures. A later picture recorded at 21747™, nearly 4 h after the
start of the event, shows bright corona extending over heights from 2.5 to 9 R, and
position angles from 250° to 300° (over about the same range of position angles as
in the first disturbance; see Figure 5 of Paper I). The height of the leading edge of the
0S0-7 cloud (at position angles between 280° to 310°) is plotted in Figure 8 at 18%42™,
18852 and 19"00™. The height-time plot of the leading edge extrapolated back to the
photosphere intersects it at the starting time of the Ho spray at 18"01™ and gives a
projected radial velocity of 750 km s~! for the disturbance. We note, however, that
only a small percentage of the electrons in the white-light cloud originated in the Ha
spray (see Figure 5); in Paper I it was shown that most of the electrons came from a
coronal enhancement below 2 R.

6. Discussion

6.1. MODEL OF THE CORONAL DISTURBANCE

The close agreement between the height-time plots of the type I burst and the leading
edge of the OSO-7 cloud shown in Figure 8 can be explained by postulating that a
piston-driven shock-wave disturbance propagated outwards through the corona. We
identify the OSO-7 cloud, the moving type IV burst and the spray material with the
ejecta forming the piston; we identify the type II burst with the shock wave (see
Paper 1, Figure 7). The front edge of the piston, as defined by the leading edge of the
0SO0-7 cloud, is seen to be only a small distance behind the shock front if the lower
(~800km 5~ 1) rather than the higher (~1200 km s~ *) velocity derived for the type I
burst is the correct one (heavy line labelled II in Fgure 8).

6.2. HOMOLOGOUS EVENTS

The present observations tend to confirm earlier evidence that flares from the same
active region on the Sun occurring within a period of several days can have very
similar characteristics at both optical (Ellison et al., 1960) and radio (Fokker and
Roosen, 1961) wavelengths. Stewart and Hardwick (1969) extended the concept of
homology to include explosive flare events in which the passage of fast electrons and
shock waves through the corona produce radio spectra with almost a one-to-one
correspondence in detail — e.g. a similar type III burst group followed by a similar
type II burst with almost identical fine structure and frequency drift rate. They con-
cluded that the spectral data were strong evidence that the coronal magnetic field and
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electron density structures above complex active regions show remarkable resilience
over periods of several days despite the occurrence in the meantime of several large
explosive flares. (See also Hansen and Gordon, 1960.)

The two coronal disturbances on 1973 Janunary 11 allow us to extend the concept of
homology to explosive flare events in which there are also ejecta. Both disturbances
produced Hoa sprays, moving type IV bursts and white-light clouds which not only
occurred in similar regions of the corona but also travelled outwards at almost
identical velocities (compare Figure 6 of Paper I with Figure 8 of this paper). The
present evidence suggests that a shock wave propagates outwards from the lower
corona at a velocity of 800 to 1200 km s~ and is probably driven by the flare ejecta
travelling at 400 to 700 km s™*. We estimate ~ 10*° electrons are expelled in the
first event (see Paper I) and ~4 x 10°° electrons in the second event. Comparable or
slightly higher masses are measured in interplanetary shock waves (Hundhausen, 1972;
Hirshberg ef al., 1972); hence it would appear that a lot of this material is supplied
from the lower corona (i.e. <2 R in the first event and <3 Ry, in the second event),
as Hirshberg e al. (1972) predicted. '

If the two events are indeed homologous, as we have inferred, the unhinging of
large-scale magnetic loops which produced a decrease in the electron content of a
~60° sector of the inner corona during the first event must have been followed by a
re-forming of the coronal loops and a corresponding increase in electron content
during the 17 h before the second event.
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Abstract. We compare observations of type 1II impulsive radio bursts made at the Clark Lake Radio
Observatory with high-spatial-resolution cinematographic observations taken at the Big Bear Solar
Observatory. Use of the log-periodic radio interferometer allows us to localize the radio emission
uniquely. This study concentrates on the particularly active region close to the limb on 22 May 1970.
Sixteen of the 17 groups were associated with some Ha activity, 11 of them with the start of such
activity.

1. Introduction
Statistical studies of the correlation of type III bursts with flares showed that, at the

maximum of solar cycle 19, 60% of these bursts occurred during the life of a flare
(Swarup et al., 1960). Only half of this number were truly associated with the flare,

- however, the remainder representing chance occurrences. It had also been noted that

flares occurring in certain active regions showed a high degree of correlation with
bursts, while those in other regions showed little or no correlation (Loughhead et al.,
1957). Zirin and Werner (1967) reported that Ha brightenings could usually be found
at the times of strong type III bursts. Our more complete time coverage of both Ha
structure and radio events justifies a re-examination of this correlation. Further, use
of an interferometer allows us to localize the radio emission correlation. As a first
step, we wish to report the detailed analysis of the activity in McMath 10743, a region
showing inverted polarity, between 1700 and 2230 UT on 22 May 1970. This region was
particularly well-suited for study as it was near the limb and especially active.

On that day, a series of spectacular surges occurred, including the one shown in
Figure la (Zirin, 1971; Pasachoff, 1972). We have identified the various active parts of
this activity center in Figure 1b. The most impressive surges appeared to be emitted
out of region 5, streaming along 1. Streaming also followed 2 and 3, the latter being
the more important. Surges along 3 generally appeared in ‘mid-air’ and then moved
outwards. Surges along 2 appeared to come from the southern part of loop 4. Loop 4

* as of September 1972: Williams College-Hopkins Observatory, Williamstown, Massachusetts
01267.

Solar Physics 28 (1973) 187-196. All Rights Reserved
Copyright © 1973 by D. Reidel Publishing Company, Dordrecht - Holland
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Fig. 1. (a) The spectacular surge of 19:05UT on 22 May 1970 achieved its maximum extent at

19:14:13. This and all subsequent photographs have north to the bottom. (b) The active elements

of the region. 1, 2 and 3 are trajectories along which material appeared to be ejected. 4 appears

occasionally to be a closed set of field lines, though this feature is not apparent here due to the

brightness of the flare. 5 is a plage region of complex structure in which the major flares occurred.
(Big Bear Solar Observatory photograph.)

is not apparent in Figure 1 because of the bright flare. Figure 7 shows the best example
of the loop structure in 4. The loop itself also showed activity, generally bulging
outwards and then subsiding again. Within each group the flares seemed homologous.
These events were photographed with a ten-inch refractor at the Big Bear Solar
Observatory through a 3 A filter centered in the Ho line center. Exposures were
made every fifteen seconds.

At the same time, a series of type III (impulsive) bursts were observed at the
Clark Lake Radio Observatory on the log-periodic array. This instrument is a six-
teen-element swept-frequency interferometer, having an east-west extent of 3.3 km.
It scans from 65 to 20 MHz once per second. The principle of operation has been
described by Sheridan (1963). Some early results were reported by Kundu ef al. (1970).

2. Positions of the Radio Bursts

Since the Big Bear Ha cinematograph covers only one activity center at a time, any
type 111 bursts without corresponding Ho activity could be attributed to centers not
in the field. For this reason, it is important to observe the positions of the radio
bursts.
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Fig. 2. The positions of the type III burst groups relative to the active region. The interferometer
has only east-west resolution, so that the bursts may have occurred anywhere along the position lines

plotted. The position lines have various tilts because the orientation of the interferometer baseline
varies as the Earth rotates. (Lockheed Solar Observatory photograph.)

Figure 2 shows the 60 MHz position lines for the groups of bursts observed between
1700 and 2230. In this context, ‘group’ may mean either a single, isolated burst, or
any collection of bursts separated by less than a minute. Since the array does not
resolve in the north-south direction, we can only give a position line for each group;
the bursts could have occurred anywhere along this line. As the Earth rotates, how-
ever, the orientation of the telescope changes relative to the Sun, just as the solar
image reflected from a heliostat rotates. The intersection of the position lines observed
at different times gives some measure of the north-south position, assuming that all
bursts have about the same position. The source of radio bursts at 60 MHz appears
to have been located above McMath 10743 on an extension of the lines of force
implied by the structure seen in Hux in region 1. We note that the bursts lie consider-
ably above the expected 60 MHz plasma level. If we assume that the bursts occur more
or less radially above the active region, then they are at an apparent height of 1
solar radius. Ionospheric refraction effects are calculated not to exceed 0.2 radius.
Because of the difficulties of propagation in a non-uniform corona and our lack of
knowledge about whether the bursts represent fundamentals or harmonics, we can-
not more properly assess the height of the bursts and hence infer coronal densities.
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3. Detailed Description of the Correlation

In the description which follows, times are given to the nearest second, the resolution
used at Clark Lake. It should be borne in mind, however, that the Big Bear frames
were taken every quarter minute. In addition, there was a one-minute ambiguity in
reading the minute hand of the Big Bear clock. It is thus possible that the times for
the Ha events are one minute later, although we believe the stated times to be correct.
The times of the type III events refer to a frequency of 60 MHz. At lower frequencies,
times were a few seconds later because of the frequency drift of the bursts. The reader
must also allow for a possible systematic error of a few seconds in the Clark Lake
times.
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Fig. 3. A schematic representation of the activity in McMath 10743, The regions labeled 1 through
5 are identified in Figure 1. We use the following codes: B — brightening, D ~ diminishing, E — ejection,
F — fan-like structure, S - stretching or buiging, ( ) — in progress, —> — continuing.

Figure 3 is a schematic representation of the activity, and is useful for seeing the
general correlation between type III bursts and Ha events. A detailed description of
the correlation is given in semi-tabular form below. It is based on a study of the film
sequence, part of which has been included in the ‘show film’ available from the Big
Bear Solar Observatory (1971). For purposes of demonstration, certain details are
represented in Figures 4 through 7.

The first event described was reported in Solar Geophysical Data as an unconfirmed subflare with
several brilliant points, which lasted from 16:58 to 17:15.

16:59:04-16:59:13 type II burst.
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Fig.4. An ejection of material along 2 at 17:00.

16:59:55 bright spot appeared at the base of 2 and was ejected (Figure 2).
17:02:02-17:02:10 type 1II burst.
17:02:05 some more bright material began to move along 2.

17:02:23-17:02:35 a pair of type III bursts.

17:06:55-17:20 a whole sequence of ejections along 2.
17:20 a dark fan-like structure became apparent at 2, and then gradually faded away.

The next series of events described were not reported in Solar Geophysical Data.
18:17:50 a small ejection of material along 2. No type III burst was recorded at Clark



192 T.B.H.KUIPER AND JAY M.PASACHOFF

18:58:32 18:59:16

Fig.5. The flare in region 5 at 18:59.

Lake, although Uccle Observatory in Belgium reported a small burst at 18:17,
lasting half a minute, at 600 MHz.
18:27:25 a bright region at the base of 3 began to develop a small tail outwards along 3.

18:33:25-18:38:25 a faint ejection of material along 3.
18:36:01-18:36:11 faint type III burst.
18:37:40 the region at the base of 2 showed a brief brightening.

18:40:20 very faint type III burst.
18:46:50-18:53 a small spray in 2. No bursts were seen at Clark Lake but Uccle reported bursts
at 18:43 and 18:51.

The main event of our mutual observing period was reported in Solar Geophysical Data as a confirmed
bright subflare (Grp 30106) with several bright points and a high velocity dark surge, and lasted
from 18:58 to 19:17, with a maximum at 19:01.

18:58:46 a sudden flare in 5 (Figure 5).

18:58:45-19:00: 35 a strong, complex group of type III bursts.

19:04:45 material began to stream out of 1.

19:05:15 streaming along 3 became apparent (Figure 6).
19:05:19-19:05:29 type Il burst of moderate intensity.

19:06:31 a weak type HI burst.

19:09:19-19:09:50 a faint group of type III bursts.

19:10:00 streaming started along 2, while streaming along 3 had stopped.
19:15:20 a very faint type I1I burst.

19:15:51-19:16:01 a type 111 burst of moderate intensity.

19:16:17 a weak type III burst.

19:19:00 a very faint type III burst.

19:21:40 streaming appeared again in 3. Since this material appeared to condense out

along the stream at this time, it seems likely that the ejection started at an
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Fig. 6. Expulsion of material along 1 and 3 following the 18:59 flare.

earlier time nearer the active center, and may have been associated with the type
HI burst 3 min earlier.
19:35 activity ceased.

The next event was also reported as a confirmed subflare (Grp 30107) with several bright points, a



194 T.B.H.KUIPER AND JAY M.PASACHOFF

20:24:38

22:26:17  22:27:02

Fig. 7. Region 4 brightens and then develops a small hook attached to the southern foot. This may
be similar to an outward ‘bulge’ of 4, but with bright material along only part of the bulging region.

high velocity dark surge, an extensive active region, and marked intensity variations in the active
plage. It reportedly began at 20:27, reached a maximum at 20:38, and ended at 20:51.

20:14:10 brightening occurred at the base of 3.

20:21:50 streaming along 3 became noticeable.

20:32:05 region 5 began to brighten as streaming along 3 reached a maximum intensity.
20:32:34-20:34:08 an intense group of type III bursts.

20:34:45 brightening in 5 achieved its maximum.

20:35:14-20:35:19 type I1I burst.
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20:38:00 faint streaming along 1 began.
20:38:38-20:39:02 faint group of type III’s.

20:45 streaming along 3 stopped.

20:55 streaming along 1 stopped.

An unconfirmed subflare with an extensive active region was reported from 21:06 to 21:20, with a
maximum at 21:10. There was no Big Bear coverage until 21:19:0S.

21:13:55-21:14:42 a group of type III bursts of moderate intensity.

21:16:56-21:17:21 a pair of type III bursts.

21:19:05 Big Bear coverage resumed. Streaming along 1 was in progress.
21:21:01-21:21:07 type I1I burst.

21:31:00 the streaming along 1 had subsided when loop 4 suddenly brightened and bulged
outward.

21:31:15 loop 4 achieved its maximum extension.

21:31:16 type III burst of moderate intensity.

21:35:30 outward motion along 1 became briefly apparent.

21:37 loop 4 returned to its normal configuration.

There was an unconfirmed subflare in progress at 21:57 which lasted until 22:12, according to Solar

Geophysical Data.

21:58:25 a small bright spot appeared at the base of 2 and 4.

21:59:10-21:59:35 a group of type III bursts.

21:59:55 loop 4 began to bulge.

22:01:40 loop 4 achieved its maximum extension.

22:14:33-22:14:50 a pair of type III bursts.

22:15 a possible brightening in loop 4, weak enough to be attributed to seeing effects.
The last event described was not reported in Solar Geophysical Data.

22:25:30 loop 4 showed a faint brightening.

22:26:00 a small hook appeared to come out of the southern end of loop 4 (Figure 7).

22:26:13-22:26:23 type 111 burst.

4. Conclusions

We have found a very high degree of correlation of type III bursts with Hea activity.
Of a total of 17 groups (as previously defined), 11 were clearly associated with the
start of some activity in Ha. Five others occurred while Ha activity was in progress,
but could not be associated with any specific phenomenon. Only one rather weak pair
of bursts (2214) may have occurred during the absence of Hu activity, although even
in that case there was a hint of some activity. Such a high degree of correlation could
not have been detected without the resolution of the Big Bear observations. This
may explain the lower correlation reported by previous workers. Further, the radio
positions were isolated by use of an interferometer.

The occurrence of type III bursts was a necessary but not a sufficient condition
for flaring in this active region. It is difficult to analyze this quantitatively because the
He phenomenology is so complicated. Yet we have clear instance of Ha events for
which no type III bursts were seen. We do not know of difference between type II-
associated Ha events and those events which do not have type III’s but shall investigate
this point in subsequent studies. It is possible that, in the latter cases, no energetic
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particles were produced, or alternately that they were produced but trapped. Analysis
of X-ray and centimeter-wavelength data may clarify this point.

It is not possible to generalize from a single day’s observations. Yet it is interesting
that there are apparently some conditions under which the correlation of type III
bursts with Ha events is high. In the majority of these cases, the events have a clearly
impulsive character. The analysis of other periods of activity will determine whether
this is a general property of type III bursts.
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DETAILED COMPARISON OF TYPE III RADIO
BURSTS WITH Ha ACTIVITY
II. The Isolated Type III Activity of March and April, 1971
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Abstract. Isolated type III radio burst activity was observed at Clark Lake Radio Observatory in
March and the first part of April, 1971, to occur in discrete regions of the corona above certain active
regions. When these regions were examined under high resolution in Ha all the type ITI events appeared
to have associated activity in Ha. The potential coronal magnetic field in these regions appeared
to be either open or diverging, whereas the field over a rather active region which did not have radio
burst activity was closed in a magnetic arcade. The latter feature has been associated with streamers.
Streamers have also been associated with dark filaments. The occurrence of a stable dark filament in
an active region appeared to have an inhibiting effect on type Il activity. It is suggested that a streamer
field configuration is not favorable to the escape of isolated type III exciters.

1. Introduction

It has long been recognized that there is a relationship between type Il1I bursts and
flares (Loughhead et al., 1957; Swarup et al., 1960; Malville, 1961). Malville included
the greatest number of subflares in his sample and found that 769/ of the type III
bursts occurred while a flare was in progress. In an analysis which used only isolated
flares, he estimated that 449, of the bursts which occurred during the flare period
are truly associated with the flare. Of the type III bursts which occurred between
the start and the maximum of the flare 619, were truly associated. A similar conclusion
had been drawn by Swarup et al. Thus, only some 359 of all type III bursts could
be considered to be truly associated with flares or subflares, although there was a
suggestion that this increased with the completeness of the flare sample. Malville
suggested that, while many of the metric fast-drift bursts might result directly from
flares, a sizeable fraction could be independent of flares or originate in some other
form of solar activity not visible in Hx or with dimensions below the limits of resolu-
tion. In the preceding paper of this series (Kuiper and Pasachoff, 1973, hereafter
referred to as Paper I) we gave an example of one active region in which nearly
all the type 1II bursts had associated Ha activity.t In this paper several other regions
are examined for type Ill-associated Ha activity, using the high-resolution Ha
observations made at Big Bear Solar Observatory.

Loughhead ez al. (1957) first suggested that type III bursts might be associated

* Current address: Jet Propulsion Laboratory, 183B-365, California Institute of Technology,
Pasadena, Calif. 91103, U.S.A.

t In that paper we used the word ‘correlation’. Since much Ha activity is not associated with type 111
bursts (with fluxes in excess of about 5 x 10-22 Wm~2 Hz?) the word ‘association’ seems more suitable.

Solar Physics 33 (1973) 461-474. All Rights Reserved
Copyright © 1973 by D. Reidel Publishing Company, Dordrecht-Holland
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with particular active regions. They noted that the association between type 111 bursts
and flares was higher than average in some regions, whereas other regions showed
no association with type III bursts. Erickson (1963), by measuring the positions of
type III bursts on a day-to-day basis, was able to show that the rotation of regions
of type 11l activity was consistent with the rotation of active regions. His positional
accuracy, however, did not allow him to conclude that all the bursts were associated
with active regions. A method for removing most of the effect of ionospheric refraction
(Kuiper, 1973a, b) permits, below, a re-examination of this question.

Flares and type III bursts are generally considered as two aspects of the same
phenomenon, owing to the correlation, albeit partial, between them. If the suggestion
of Loughhead et al. (1957) that some active regions have no type III activity is correct,
then one would inquire what property of these regions inhibits type 11T activity. Since
type III bursts result from particle streams ejected to great heights in the corona,
open lines of magnetic field, or at least loop structures of very large dimensions,
would seem to be a prerequisite.

The schematic configuration generally associated with type III bursts involves a
magnetic field drawn out into a streamer configuration by the interplanetary wind
(e.g. Wild and Smerd, 1972). The density determinations of Wild er al. (1959) and
Weiss (1963), which suggested a value twice that of the Newkirk (1959) streamer
model, appeared to necessitate such an explanation. The observations of McLean
(1970) of type III bursts distributed along a line on the solar disk are also taken as
suggestive of a neutral-sheet configuration. (See below for a discussion of the relation-
ship between streamers and magnetic neutral sheets). The apparent heights of the
radio bursts may, however, exceed the true heights. Scattering of radio waves in the
corona would cause such an effect (Riddle, 1972). Also, it is often not clear whether
the bursts are observed at the fundamental frequency or the harmonic. For limb
bursts the latter is probably the case, so that the bursts would appear above their
appropriate plasma levels (Kuiper, 1973a, b). In an attempt to clarify whether bursts
occur in streamers or not, we will consider the magnetic field configuration in regions
of type III activity.

Newkirk (1967) has suggested that a white-light coronal feature forms over a young
active region initially as an enhancement of the lower corona, evolving to an active
streamer as the region grows in importance. With further development, the photo-
spheric magnetic field organizes itself into two extended areas of opposite sense and
the streamer takes on a characteristic helmet configuration. It has been suggested
that the streamer is a neutral sheet in the coronal field, formed over the boundary
between two magnetic regions of opposite polarity (e.g. Sturrock and Smith, 1968).
The magnetic configuration is like that proposed by Carmichael (1964) as a possible
site for flares with a filament supported by the closed field lines near the base. Axisa
et al. (1971) have suggested that, as in the case of helmet streamers, the presence of
a filament is a necessary condition for the existence of active streamers, and that
both have the same basic magnetic structure.

Newkirk and Altschuler (1970) have compared coronal structures observed during
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an eclipse to the potential magnetic field of the corona. This field is calculated from
line-of-sight observations of the photospheric field, made during one solar rotation,
on the assumption that the corona is current-free (Altschuler and Newkirk, 1969).
A number of magnetic structures were recognized. Magnetic rays (MR’s) are open
field lines by which particles can escape from the Sun. Diverging fields (DF’s) occur
over active regions, either because of a real excess of photospheric field of one
polarity or because the photospheric field observations are not sufficiently accurate.
Changes in the region during the two week period when it is observed could also
contribute to an erroneous excess of photospheric field. Magnetic arcades are series
of loops which form a corridor. MA’s, which indicate a boundary between two rather
extended regions of opposite polarity, correlate with streamers. (Altschuler and
Newkirk did not distinguish between AR streamers and helmets in their paper.) In
this paper we will consider the magnetic configurations in which type III bursts occur.
Similar studies have already been reported for type II bursts (Dulk ez al., 1971)
and for type IV bursts (Dulk and Altschuler, 1971).

2. Observations

Observations of the east-west positions of type III radio bursts were made between
20 and 65 MHz with the log-periodic array at Clark Lake Radio Observatory
(Erickson and Kuiper, 1973). These positions were corrected for ionospheric refraction
(Kuiper, 1973a, b). In many instances the radio data alone are sufficient to locate
the active region (e.g. Kuiper, 1973b) even though we lack resolution in the north-
south direction. In this paper, however, the occasional coincidences between type
IIT’s and flares are used to identify the active regions. It is then shown that the
positions of the other bursts are consistent with these regions.

Figure 1 shows the east-west positions at 60 MHz of type III bursts observed in
March and April of 1971 plotted as a function of the date. In cases when the data
were of sufficient quality to correct for ionospheric refraction, only these corrected
positions are shown. One can see discrete regions of type III activity co-rotating with
the Sun. Also shown are the loci of points radially above the active regions, which
are identified in the figure by the last three digits of their McMath number. These
regions, with the exception of McMath 11249 and 11250, were chosen because they
showed Ha activity coincident with type III bursts. Regions 11249 and 11250 were
also plotted since the positions of bursts suggested these regions might be responsible.
For the regions represented by solid lines, a height of 0.6 R, was assumed, cor-
responding to the apparent height of type III bursts at 60 MHz (Kuiper, 1973a, b).
For the regions identified with dashed lines, a height of 1.0 R, was assumed. It is
seen that the positions of the bursts are consistent with locations above the active
regions.

3. The Association of Type III Bursts with Ha Activity

One five days Big Bear Solar Observatory covered the regions on the Sun above
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which type III bursts appeared to occur. Big Bear films were examined for the period
3 March—4 April. In Table I are listed all those bursts or groups of bursts which
occurred during times when Big Bear had Ha data. Below are given a description
of Ha and radio burst activity which showed association with each other. Such a
description cannot however substitute for an actual viewing of the films.
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Fig. 1. Positions of type Il radio bursts as a function of solar rotation. Positions corrected for

ionospheric refraction are shown as solid blocks, those not corrected as open. The size of the block

represents the number of groups measured. The approximate positions of continuum storms are

shown by error bars. The loci of points 0.6 (solid lines) and 1.0 (broken lines) solar radii above certain
active regions, identified in Table Il, are also shown.
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9 March. At 19:48:30 two bright features formed on either side of a dark fibril
connecting the major sunspot with a newly emerging spot. The features brightened
and moved in opposite directions, one towards the main spot, the other to the new
spot. At approximately the time when the brightenings reached the two spots, a series
of type I1I bursts occurred.

18 March. At 18:09 there occurred a type III burst whose position line coincided
with the west limb of the Sun. At about this time a very small faint flare occurred
near a region of emerging flux which followed the main spot in McMath 11207.

From 19:47:00 to 19:48:30, from 19:50:10 to 19:50:45, and from 19:53:00 to
19:53:20 there occurred groups of type III bursts with position lines on the east
limb of the Sun. Very small Ha events, possibly surges, were seen at these times in
McMath 209. The frames in which they were most apparent were taken at 19:48:15,
19:51:03 and 19:53:48, respectively.

At 20:19 a small bright bridge was seen to connect two plage regions southeast
of the spot in 207. A type 111 burst occurred on the west limb at 20:19:55. Another
group of type III’s occurred from 20:33:05 to 20:33:20. At 20:36 a small bright
bridge in a different position convected the two plages.

At 21:35:25 a sequence of faint type III bursts started near the east limb of the
Sun coincident with the start of a small flare near the EFR in McMath 207 (near
the Sun’s west limb) which reached its maximum at 21:36:25 and had subsided two
minutes later. Another type III burst occurred at the east limb at 21:37. This is one
of the rare instances of simultaneous activity at two very well separated locations
on the Sun. It is not possible to say whether there is a genuine association between
these events.

At 23:28 a group of III’s occurred a half solar radius beyond the west limb with
another burst at 23:29. At this time Big Bear was patrolling McMath 207 but poor
seeing and transparency made a close study of the Hx phenomena impossible.

20 March. A group of type III’s occurred between 20:14:30 and 20:16:40 near
the east limb of the Sun. At 20:19:25 a brightening became visible along a long
thin plage, reaching a maximum at 20:21:02.

2 April. 1t is difficult to make a clear case for detailed association of activity
between type 111 bursts and the He activity for this day. During our period of observa-
tion a filament immediately west of the region was continuously active. Tlamicha
and Takakura (1963) have suggested a possible association between type III bursts
and active dark filaments. In addition, there were two subfiares in the region which
may have had associated type III bursts.

At 19:09 a subflare began east of the NW spot. The activity continued to be visible
until 19:23. A group of strong type III bursts occurred from 19:16:15 to 19:20:45.
Another type III burst occurred at 19:23:25.

At 20:05:10 on-band Ha coverage was resumed following a wavelength scan. This
appeared to coincide with the start of a flare at the end of the filament nearest the
sunspots. At this time also a group of type I bursts occurred, lasting from 20:05:07
to 20:07:30. The most active phase of this Hu event ended at 20:25.
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TABLE 1
Association of type III events with activity in BBSO patrol films
Date/UT Burst Suspected SGD flare data BBSO patrol
position  region Region  Times Region  Activity
3 Mar. 1938 0 176 173
1943 0.7 174 174 1943-2004 173
6 Mar. 2259 2.1 ? 174
9 Mar. 1956 —1.1 191 or 192 191 yes
2253 —0.6 189 191
10 Mar. 1751 0 189 161
1955 0.2 189 189 1951-2005 191
2014 0.1 189 191
12 Mar. 2014 —0.72 191 or 192 191
14 Mar. 2016 0.7 189 195
15 Mar. 1945 0.72 ? 196
2006 0.42 191/192/207 196
2016 0.6 ? 196
2019 0.9 189 196
2026 0.62 ? 196
2038 0.52 ? 196
2052 1.2 189 196
2202 1.0 189 196
2220 1.0 189 192 2117-2222 196
2230 0.4 191/192/207 196
17 Mar. 2133 1.1 191/192/207 196
2142 0.7» ? 196
2208 0.9 191/192/207 196
18 Mar. 1809 1.2 191/192/207 207 yes
1948 -1.0 209 209 yes
1950 -1.2 209 209 yes
1953 — 1.5 209 209 yes
2020 14 191/192/207 207 yes
2033 1.1 191/192/207 207 yes
2135 —1.0# 209 207 yes
2137 —0.92 209 207 yes
2328 1.6 191/192/207 207
2334 —1.1 209 ’ 207
20 Mar. 2015 —0.9 209 209 yes
21 Mar. 1644 2.3e ? 209
1 Apr. 1916 —0.32 221 221 1847-1941 west limb
2 Apr. 1734 0.5 221 221 yes
1736 0.5 221 221 yes
1800 0.5 221 221 1758-1810 221 yes
1833 0.6 221 221 1829-1849 221 yes
1904 0.8 221 ‘ 221 1907-1956 ) 221 yes
1919 0.7 221 221 1910-1938 - 221 yes
1923 Q.7 221 ’ 221 1919-1930 S 221 yes
1950 1.3 221 221 yes
2002 0.7 221 221 yes
2006 08 221 % 221 015-202 9 yes
3 Apr. 1925 0.8 221 221 yes
1938 —0.6 228 228 1937-1946 221
4 Apr. 1900 02 ? {221 yes
1908 09 221 s 228 1900-1919 5 54 yes

2 Not corrected for refraction.
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3 April. During the period of Big Bear’s patrol McMath 221 was very quiet. A
group of type 1II bursts occurred from 19:24:18 to 19:25:35. At about this time
there was a fast faint subflare running in a thin line north of the SE spot. Because
of poor seeing, it was not possible to time it precisely, but its most visible phase
occured at 19:27:32.

4 April. During this day McMath 221 was again very active. The filament, which
had been almost non-existent the previous day, was even more substantial this day
than it had been on April 2. The activity in this filament was very violent on this
day. It was not possible to associate the radio bursts with any specific events. The
most interesting thing about the radio burst activity on this day was its mildness
considering the activity visible in Ha.

We see that type III bursts can be attributed to specific active regions, not only
in the sense that the bursts originate over these regions as was shown in the previous
section, but in that bursts are associated with Hux events in these regions. Ha activity
was seen in all of the 21 bursts or groups of bursts which occurred over active regions
patrolled by Big Bear Solar Observatory. In twelve cases specific Ha events could
be identified as being associated with the bursts on the basis of temporal coincidence.
In one additional instance (20:15, 20 March) the timing is less convincing. For eight
radio events the Ha phenomenology was to complicated to make such an association.

Although further study is in progress on the detailed association of type III bursts
with Ho phenomena, it appears that the following assertion can be made on the
strength of these results and those of Paper I: Nearly all (>95%) type III bursts
or groups of bursts with fluxes in excess of about 5x 10722 Wm™2 Hz™! occurring
in isolation of other radio activity and not in extended storms of type III bursts
are associated with activity in Ha.

We find that the distinction suggested by Loughhead ez al. (1957) between active
regions which have type III bursts and those which do not is real. McMath 11196
was a particularly active region which showed no type III activity. McMath 11221
had days when it showed type 11l activity and days when it showed little or none,
in spite of flare activity. In the next section this will be related to the large-scale
coronal magnetic field associated with the region.

4. The Coronal Magnetic Field in Regions of Type IIT Activity

In Figure 2 the plage drawings (Solar Geophysical Data, 1971a) and calculated
coronal fields (Altschuler, private communication, 1972) are shown for the regions
which were associated exclusively with isolated type Il activity. In each instance
the field is either diverging or, in the cases of the more active of the regions, open.
It would appear, therefore, that type III bursts occur in regions of open or at least
diverging field, rather than coronal streamers, which are associated with magnetic
arcades. In order to confirm the occurrence of open field lines the records of RAE-1,
which recorded radio emissions above the ionosphere in the frequency range 0.2-5
MHz, were examined. By the coincidence of type III bursts measured at Clark Lake
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with those measured in interplanetary space by the satellite, it was seen that energetic
particles escaped each of the active regions, with the exception of McMath 165 for
which there was sufficient data.

A particularly active region which did not show any type IlI activity was McMath
11196. This region is represented in Figure 3. It is seen that the calculated coronal

McMATH-HULBERT ~ CALCIUM REPORT
P

1430 UT

0448 UT

Fig. 2a. Plage drawings and calculated coronal fields for 26 February,
1971; active region McMath 11165,

McMATH-HULBERY N CALCIUM REPORT
p

1845 UT

1648 UT

Fig. 2b. Plage drawings and calculated coronal fields for 2 March, 1971;
active regions McMath 11174 and 11176.
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field is characterized by a tightly closed structure, known as LMA (Low Magnetic
Arcade), a feature which is associated with streamers. A filament did occur adjacent
to this region, aligned more or less in the direction of the LMA. There were no type
III bursts in this region, in spite of all the flare activity so that it would appear that
the magnetic configuration was unfavorable.

The behavior of McMath 221 may shed further light on the relationship of the
coronal field to type III activity. This region appeared on the east limb on March
25, and was relatively quiet with one reported flare during the Clark Lake observing
period on the 26th, and three more flares and two type III groups on the 27th. A
large filament was looped around the north of this region. The low level of activity
continued on the 28th. On March 29, however, this region was extremely active. Six

McMATH-HURBERT . CALCHIM REPORT

1505 UT

2136 UT (Central Date 6 Mar.)

MCMATH-HULBERT » CALCIUM REPORT
p

(17 March)

Fig. 2c. Plage drawings for 14 March (upper left) and 17 March (lower left) and calculated coronal

fields for 14 March for observations having central dates of 6 March (upper right) and 20 March

(lower right); active regions McMath 11189, 191, 192 and 207. Note the emergence of 207 and
associated regions between 14 and 17 March.
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McMATH-HULBERT CALCIUM REPORT
Np

1445 Ut

0448 UT

Fig. 2d. Plage drawings and calculated coronal fielas for 23 March, 1971;
active region McMath 11209,

McMATH-HULBERT N CALCIUM REPORY
P

1424 UT
Fig. 2e. Plage drawings and calculated coronal fields for 31 March, 1971;
active region McMath 11221.
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McMATH-HULBERTY CALCIUM REPORT
Np

Sp
1425 UT

2136 UT

Fig. 3. Plage drawings and calculated coronal fields for 17 March, 1971, showing McMath 11196,
an active plage which did not exhibit type III radio bursts.

flares were reported during Clark Lake’s normal observing period. The Big Bear Ha
patrol of this region showed the filament to be highly agitated. Although Clark Lake
did not observe this day, other observatories reported no radio activity. On March
30 the filament disappeared. Although three flares were reported, only one extremely
faint group was observed at 19:14. The group was too weak to get a reliable position
measurement, but it appears to have occurred on the western half of the Sun, away
from 221. Lack of any activity in 221 at this time also suggests the burst was not
related to this region.

On March 31 six flares were reported. Eleven type III groups occurred, at least
eight of which were positionally related to McMath 221. Three of these were coin-
cident with the published flares. On April 1 six flares were reported in this region,
but no radio bursts occurred there. By this time a new small filament had formed,
running westward from the center of the plage. April 2 was extremely active. The
Big Bear patrol shows almost continuous activity, both flares and turbulence in the
new filament, accompanied by strong type III activity. On April 3 the region was
quiet. The filament which ran west and then north from the plage was barely visible.
The only group of type HI bursts from this region during Big Bear’s patrol period
was visible in Ha. On April 4 the region was extremely active again in Ha, but rel-
atively quiet in the radio. The filament had grown in importance and was more
prominent than it had been on April 2. It was also extremely active. The region
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thereafter remained relatively quiet in the radio until its disappearance over the west
limits after April 6.

It would appear from the behavior of the filaments, that the field underwent
significant changes during the period 27 March—4 April. The calculated coronal field
using photospheric data for the rotation having a central date of 20 March is sig-
nificantly different from the field calculated from data with a central date of 2 April,
also indicating that there were changes in the coronal field. This was accompanied
by considerable flare activity. Type 1II bursts, however, were prevented until the field
configuration associated with the large filament which existed before April 30 was
destroyed. On and after April 4, when a new filament was established in the region,
radio burst activity was again inhibited.

5. Conclusion

The positions of type III radio bursts occurring between approx 16:00 and 24:00 UT
from 1 March to 5 April, 1971, were determined and corrected for ionospheric re-
fraction wherever possible. It was found that these bursts occurred over active regions
whose calculated potential coronal fields were characteristically diverging and generally
open. This magnetic field of configuration is not characteristic of streamers. In
observations at Culgoora, Dulk (private communication, 1972) has also found that
the bursts occur in regions of open field, with or without a streamer nearby. It appears,
therefore, that type III bursts need not occur preferentially in streamers, as was first
suggested by Wild et al. (1959) on the basis of the heights of the bursts.

The type III radio bursts were intimately related to activity in Ha. Out of 21 cases
for which Big Bear Solar Observatory had coverage of the region responsible for
the bursts, Ho activity was seen in each instance. In 12 cases the activity was either
brief or began at the time of the burst, suggesting that the two phenomena were
related. One case was uncertain. In the other eight cases there was continuous and
complex activity so that no such identification could be made. A similar result was
obtained in the detailed analyses of other periods of activity (Zirin and Werner, 1967;
Paper I). It is suggested that almost all, if not all, isolated type III bursts have as-
sociated activity in Ha.

The Ho phenomena associated with type III bursts are not always flares. Martres
et al. (1972) have shown that in some instances the associated phenomena are seen
as small transient absorbing features. In other cases disturbances in filaments seem
to be related to type III bursts (Tlamicha and Takakura, 1963; this paper).

The existence of a stable filament in a region represents an unfavorable magnetic
field configuration for type III bursts. Active filaments, however, indicate that the
field is changing. During this time particles may escape to cause type III bursts.
Tlamicha and Takakura (1963) have also noted an association between type III bursts
and active filaments. The confinement of fast particles is not in any sense absolute.
Some type III activity was seen on March 27 and April 4. Similarly, when a region
is open, not all flares yield radio bursts (e.g. Zirin and Werner, 1967; also Paper I).
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In all likelihood confinement by small-scale magnetic structures near the chromo-
sphere is also important (e.g. Lazareff and Zirin, 1973).

The type III bursts on which this work is based occurred in isolation of any other
radio activity or of flares greater than subflares. For bursts of this kind the following
interpretation is believed to be consistent with the observations. Isolated type III
bursts or groups of bursts are generally associated with active regions in early stages
of development. These regions are characterized by an open field. The acceleration
occurs low in the corona or in the chromosphere, since all the bursts have associated
Ho activity. As the region develops the magnetic field configuration closes, inhibiting
the escape of these particles. Only when a major reorganization of the field occurs
will paths be temporarily opened for particles to escape.
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Abstract. The Mauna Loa K-corona data were examined to determine the density in regions of type
IIT activity which were observed during March and April, 1971, at Clark Lake Radio Observatory.
It is found that these regions avoided the centres of dense structures in the corona. Both the K-corona
data and the radio data indicated densities characteristic of the ‘quiet’ corona. The density gradients
determined from the K-corona and the radio data agreed to within their formal errors.

1. Introduction

It is generally accepted that type III burst exciters travel along neutral sheets in the
coronal field, which correspond to the densest parts of streamers (e.g., Wild and
Smerd, 1972; McLean, 1970; Sturrock, 1972). Smith and Pneuman (1972), in a
theoretical study, point out that the particles responsible for type III bursts cannot
travel in the densest part of a coronal streamer due to the transverse magnetic field
in the neutral sheet. Some evidence has been presented that not all type III exciters
travel at or near the centre of streamers (Kai and Sheridan, 1974; Kuiper, 1973a). In
this paper, we present further evidence supporting the latter point of view.
Recently, Kuiper (1973a) analyzed isolated type III bursts observed at Clark Lake
Radio Observatory during March and April 1971. By noting the day of transit of
the region and comparing the east-west position of the burst at the limb passages,
it was possible to deduce the longitude and latitude of the region (see Kuiper, 1973c,
Ch. V). It was shown that the bursts occurred in discrete regions corotating with the
Sun. By the temporal association of type III bursts with He activity, the active regions
generating the type III exciters were identified and it was shown that the type III burst
regions occurred, on the average, radially above these active regions which are iden-
tified. On the basis of the computed coronal potential field and the presence or
absence of dark filaments in the plages, it was argued that the bursts occurred only
when the field was open, or diverging whereas an arcade-like closed structure, which
is often associated with the lower part of a streamer, is unfavourable for the escape

* Current address: Jet Propulsion Laboratory, California Institute of Technology, Pasadena, Calif.,
U.S.A.
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of the exciters. In this paper, we examine the density of the corona over these active
regions. We have used the same radio data, together with the daily white light coronal
observations obtained with the High Altitude Observatory K-coronameter at Mauna
Loa, Hawaii. The intensity profiles and the synoptic maps derived from the K-corona
data allow us to distinguish between dense structures and low intensity regions. A
deconvolution technique developed by Leblanc e al. (1970) is applied to calculate
the electron density of these structures. For the low intensity regions, van de Hulst’s
(1950) method has been used to compute the electron density of models.

2. The Density in the Regions of Type III Activity

The K-coronameter measures the scattered light by making concentric small-aperture
scans around the Sun at selected heights above the limb. In 1971, the heights of the
observations were 3.6, 5, 9’1, and 13.1. As the electron density is closely related to
the intensity of the scattered light we were able, by means of isophotal maps at each
height and day to day intensity profiles, to distinguish between dense coronal struc-
tures and low intensity regions. ’

In Table I, we give the central meridian passage (CMP) of each active region above
which isolated type III bursts occurred, its limb passages (as the K-corona observa-
tions are made at the limb), and the K-corona feature at that position. The identifica-
tion is generally made at the limb passage of the region, as shown in Figure 1. In a

TABLE 1
Active regions above which isolated type IlI bursts occurred (March—-April 1971)
McMath CMP Latitudinal  East limb K-corona West limb K-corona
region position passage feature  passage feature
11174 2 March 24°-26°N 22 February EDS 9 March EDS
11176 3—4 March 7°-8°N 24 February LDR 10 March LDR
11189 10-11 March 8°-10°S 3-4 March LDR 17 March LDR
11191 13 March 16°-17°S 6 March (LDR) 19 March LDR
11192 15 March 18°-20°N 8 March EDS 22 March no obs. (EDS)
11207 appears on 6°S - - 22 March no obs.
16th March
11209 22 March 15°-20°S 15 March EDS 23 March no obs. (EDS)
11221 31 March 16°-18°S 24 March LDR 6 April (and no obs. (EDS)
10 March)

11249 16 April 4°-5°§ 9 April (and LDR 23 April (and no obs.

13 March) 27 March)
11250 16-17 April °-5°S 9 April (and LIS 23 April (and no obs.

13 March) 27 March)
11256 18 April 20°-22°N 11 April (and LIS 25 April (and no obs.

15 March) 29 March)

EDS: edge of dense structure.
LDR: low density region.
LIS: low intensity structure.
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few cases, when no observations were made on the day of limb passage, observations
were made for most of these a few days before and after limb passage. In such cases,
it was possible to determine the nature of the corona from the synoptic map in Figure
2. It can be seen from Table I and Figures 1 and 2 that most of the active regions
(11189, 11176, 11191, 11249, 11221, 11250) associated with emission of isolated type
III bursts avoided the coronal high density regions, a few centres (11174, 11192,
11209) appeared adjacent to high density regions, but not any active region associated
with type 111 bursts is on the axis of a large coronal density structure.
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23 March 19 March

Fig. 1b.

Fig. 1a-b. K-corona observations: Intensity profiles obtained at four heights. The dashed line
indicates the intensity at 9" above the limb. The position of the McMath region associated with the
solar burst region is shown by an arrow. (j) Region 196 which did not show any type III activity.
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It is of interest to consider McMath 196. While it showed considerable Ha activity,
no type III bursts were associated with this region. On the basis of the closed structure
associated with it in the calculated potential field as well as a prominent dark filament,
Kuiper (1973a) concluded that this region probably had a closed-over, streamer-like
field configuration. We see in Figure 2 that this region is associated with a high
density structure.

1971
WEST LIMB HEIGHT = 9’ EAST LIMB
270° 360° 180° 270°
Z Q/\ \; > (S \ :50°
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Fig. 2. K-corona observations: synoptic maps. The numbers represent MacMath regions associated
with the solar burst regions. The intensity levels are in arbitrary units and represent: very low;
low; wmee high intensity.

The average height of the type I bursts gave us a measure of the coronal density.
In order to determine the height of the radio bursts, we compared the east-west posi-
tions of this activity. All the events occurring in a single region in one day were
averaged together. For all the days for which we had such data, it was found that the
east-west positions of the bursts at 60 MHz were, on the average, 1.55+0.10 larger
than the east-west positions of active regions. As we already pointed out, the regions
of type III activity were centered radially above their corresponding active regions.
(Note that this statement refers to the centres, and not the individual bursts). Conse-
quently, the apparent height of the type III bursts at 60 MHz was 1.55 R,. When
refraction and scattering effects were taken into account (Leblanc, 1973), the true
height at 60 MHz was found to be 1.4 R,. By virtue of the observed density gradients
(see next section), the height 1.5 Ry corresponds to a type IIl burst frequency of
50 MHz. Since we do not know in what ratio the observed bursts were fundamental
or harmonic emission, we estimate the electron density at 1.5 R to be in the range
0.7-3.0x 107 cm ™3,

These values are less higher than the electron density derived from others radio
observations (Wild et al., 1963) which generally favoured a high density model (twice
Newkirk’s model). The discrepancy between these and our own results may be ex-
plained by the fact that scattering effects were not taken into account. It has been
demonstrated (Riddle, 1972; Leblanc, 1973) that, due to scattering, the apparent
height of type III bursts (fundamental emission) is higher than the real one, and must
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TABLE 1II
Density gradients
McMath gr=p/o=d(logNy)/dpe gx=d(logNe)/de Nex( X 107 cm—3)
region (e=15Rg) (e=15Rgy)
11174 ? ~45 11 2.2 and 3.3
11176 2.6
11189 ) 0.8-0.5
11191 8*s . ~6.3+1 0.7-1
11192 ) 0.8
11207 no obs. no obs.
11209 ? ~4541 4
11221 31407 ~4d 1 1.7
11249 ) ) 1.4
11250 L 3.640° . ~5341 1.7
11256 ) ) 1.5
>
<
=
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Fig. 3. Calculated electron density models. For comparison, we also give Newkirk’s (1967) model

for the 19561958 solar maximum, Saito’s (1970) average model for solar minimum, and the range of

values for the quiet corona determined by Leblanc er al. (1973) for the 1970-1972 maximum
(hatched region).
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coincide with that of the harmonic emission; this means that the electron densities
derived by assuming an emission at the fundamental frequency will be about four
times too large at each level.

In Table II, the densities at 1.5 R, as determined from the K-corona observations,
are given for the corona above the type Ill-associated active regions. The densities
range from 0.7 to 4 x 107 cm 3. Thus, there is quite good agreement between the
radio and optical determinations of the density. The results are also consistent with
the values determined for the quiet corona at solar maximum obtained by Newkirk
(1967) and Leblanc et al. (1973):

Newkirk (1958 maximum) 3x10"cm™3
Leblancet al. (1971 maximum)  0.9-2.5x 107 cm ™3,

The coronal density at different heights, as determined from the K-corona scans, is
given for the various type III-active regions in Figure 3.

3. The Density Gradients in the Regions of Type III Activity

The density gradient of some regions of type III activity was determined from the
radio data by a method described by Kuiper (1973b). The density of the corona was
assumed to be of the form N~p~#, where g is the height measured from the centre of
the Sun. Not all regions had enough bursts to give a statistically meaningful result.
Consequently, it was necessary to group together a number of nearby regions, and
even then, only three sets of data gave meaningful results. The results of the analysis
are listed in Table IIL.

In the K-corona analysis, a density model of the form N ~exp(— K/o) was assumed.
The gradient was determined for five regions, including the three used in the radio
analysis. The results are given in Table I1.

Because of the different models assumed in the two analyses, a parameter

gx = — d(logN)/de = K/of
gr = Blox

was defined, where gx and gy are the mean heights at which the K-corona and radio
burst density gradients were determined. The values of g for both analyses can be
compared directly in Table II. It is seen that the agreement is reasonably good.

4. Discussion

We have examined the coronal density above active regions which showed type III
activity during March and April of 1971. We recapitulate our findings:

(1) The centres of type III activity avoided the regions of high density in the corona,
the centres occurring either in regions of low density or, in a few cases, to the side of
dense structures. On the other hand, a particularly flare-active region which occurred
under a dense structure had no associated type III activity.
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(2) The average height of the type III bursts during this period, when corrected
for the effects of refraction and scattering, was consistent with the densities derived
from the K-corona data, and both were characteristic of the ‘quiet’ corona at solar
maximum.

(3) The density gradients derived from the radio data and the K-corona data agreed
to within their observational uncertainties.

We conclude that the observed isolated type burst exciters did not travel in coronal
streamers. It is interesting to note that Caroubalos et al. (1974) reach the same con-
clusion to explain the directivity of fundamental and harmonic sources observed
during the Stereo experiment (Steinberg and Caroubalos, 1970).

Particularly in view of the theoretical study of Smith and Pneuman (1972), we cau-
tion against attaching undue significance to those centres of activity which occurred
to the side of dense structure. We have dealt here with the average properties of
regions of type III activity, and not individual bursts. The characteristics of individual
bursts (position, height, frequency drift) vary significantly among the bursts in a given
center (e.g. McLean, 1969, 1970; Palmer and Lin, 1972; Kai and Sheridan, 1974).
Also, the bursts at these frequencies are large, possibly due to the effects of scattering.
In these instances where the regions of activity occurred to the side of dense structures,
we point out merely that they did not occur near the centres of these structures.
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Abstract. The characteristics of a decameter type II burst associated with a possible behind-the-limb
flare are discussed. The burst source had an unusually high velocity. Assuming that the disturbance
propagated as an MHD wave, the magnetic field strength at the 40 MHz plasma level is estimated to
be 5.6 gauss.

At meter and decameter wavelengths the velocities of type II burst sources
usually lie within the range 1000-2000 km s~ (Kundu, 1965). A small numer of
type 1I sources attaining higher velocities have been reported in the literature
(Kundu, 1971; Smerd, 1970). We describe here a complex radio event involving a
type II source that moved with a higher-than-usual velocity and was associated
with a solar proton event. The observations were made with the swept frequency
interferometer of the Clark Lake Radio Observatory operated by the University
of Maryland. This array consists of sixteen log-periodic antennas, equally spaced
on a two mile east-west baseline. The array is swept in frequency over the range
20-65 MHz once per second. This system gives the one-dimensional position and
angular size of emissive regions on the Sun nearly simultaneously at all frequen-
cies. The array beam spacing and width are such that only one beam is on the Sun
at one time. The angular resolution is about 5’ at 60 MHz decreasing to 15 at
20 MHz. A more detailed description of this instrument was given by Erickson
and Kuiper (1973).

The event described here occurred on September 1, 1971. The swept frequency
interferometer record has been published elsewhere (Sakurai, 1972). The radio
burst was accompanied by copious particle emissions and a host of geomagnetic
phenomena. Since no flare was observed during the 15 hours preceding the event,
the radio burst was most likely related to a behind-the-limb flare. The region
concerned must have been McMath region 11482, which crossed the west limb
two days earlier and produced several imp. 2 and 3 flares during its disk passage.
It was situated at S12 and about 30° behind the limb at the time of the flare.

An intense microwave burst started at 19:26 U.T. at 10 cm-wavelength.
A type II burst was reported by the Fort Davis Radio Observatory starting at

* Present address: Instituto Argentino de Radioastronomia, C.C.5, Villa Elisa, Prov. de Buenos
Aires, Argentina.
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Fig. 1. Positions of the type II-IV continuum and associated type III bursts observed on September
1, 1971, at 50, 40 and 30 MHz. The crosses refer to the continuum emission, filled circles indicate the
type III bursts.

19:34 U.T.; it lasted until 19:48 U.T. and was observed to drift from decimeter
to decameter wavelengths. The type II was followed by an intense type IV burst.
At the Clark Lake Radio Observatory a moderately intense type III group was
observed at 19:34 U.T., followed by an intense continuum emission. The con-
tinuum was short lived; at 60 MHz it faded by 19:48 U.T., at 40 MHz the
emission lasted longer, until about 20:06 U.T. For a brief period of time, between
19:43 and 19:48 U.T. a second source became visible in the 25-55 MHz range.
By comparing the Clark Lake record with the dynamic spectrum obtained by
Maxwell (1972), we were able to identify this shert lived source as the type II
burst observed at Fort Davis. The east-west motion of the source at 50, 40 and
30 MHz is shown in Figure 1. At 50 MHz the type IV source remained stationary
until about 19:43 U.T. At this time the type 1I source appeared. The type IV
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source moved due west with an apparent velocity of 1000 Km s™*, while the type

II moved eastward with an apparent velocity of 3500 km s™*. The motion of the
source at 40 MHz was similar to that at 50 MHz. Only the stationary phase of the
type IV and the eastward motion of the type II seem to have been observed at
30 MHz. All positions and velocities given for this event are east-west positions
and velocities on the plane of the sky.

Several features of the event just described are worth mentioning. The move-
ment of the type II source, from behind the limb to a position close to the disk
center obviously precludes the radial propagation hypothesis. The plane of the sky
velocity of the type II (see Figure 1) was 3500 km s™'; due to the position of the
flaring region this must have been close to the tangential velocity. The drift rate at
40 MHz was found to be df/dt=—0.092 MHz s™'. The radial velocity, calculated
from the drift rate and the electron density model derived for this region from
one-dimensional positions of noise storm radiation (Gergely and Kundu, 1975),
turns out to be 1700 km s™'. On the other hand, assuming for the electron density
variation a two times Newkirk streamer model (Newkirk, 1961) yields a radial
velocity of 850 km s™'. Thus the true velocity of the burst must have been in the
range 3600-3900 km s™* and was unusually high. The velocity of the associated
type IV, although somewhat higher than average, was well within the observed
range for this type of events (Smerd and Dulk, 1971; Gergely and Kundu, 1974).
Since the motion of the type IV was westward during the entire course of the
event (see Figure 1) the type II and type IV sources must have moved along
different paths.

The type II discussed here resembles closely the March 30, 1969 event,
analyzed in detail by Smerd (1970). In both cases the geometry of the event
required that the disturbance responsible for the type II source propagated along
curved paths in the corona with extremely high (and similar) velocities. At such
high velocities a disturbance propagates through the corona as an MHD wave.
Smerd (1970) suggested that the curved path of the MHD wave may result from
propagation along the coronal magnetic field. Further, an MHD wave propagating
along the magnetic field does so at the Alfvén velocity. This hypothesis enables us
to calculate the magnetic field in the corona at the 40 MHz plasma level; it turns
out to be 5.6 G. It is interesting to compare this value with the field strength of
7 G that was required at the height of the 40 MHz plasma level by Tidman et al.
(1966), in order to explain the band splitting frequently observed in type II bursts.
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The absolute flux densities of Cyg A, Cas A, Tau A, and Vir A have been measured with an accuracy of about
=+ 5% at 26.3 MHz using a method well suited for use at low radio frequencies where ionospheric scintillation
is a limiting factor. No evidence for time variations in any of the four sources has been found.

I, INTRODUCTION

HE spectra of radio sources are poorly defined at

radio frequencies below 80 MHz, in part due to

the lack of a well-defined flux scale on which relative
measurements can be based.

The most successful method of absolute flux-density
measurement used until now at low frequencies has
involved the use of a pair of standard half-wavelength
dipoles as a simple interferometer of known collecting
area (Bridle 1967 ; Parker 1968). Because this collecting
area is quite small, and the uncertainty in intensity
measurements is inversely proportional to the signal-
to-noise ratio, accurate flux densities can be determined
only for Cyg A and Cas A using such a configuration.

The present measurements use a variation of the
method described by Little (1958) to determine the
absolute flux densities of Cyg A, Cas A, Tau A, and
Vir A with an accuracy of about ==5% at 26.3 MHz,
the lowest frequency at which absolute measurements
of such accuracy have been obtained.

Since these measurements are critical to models of
the low-frequency turnovers in Cyg A and Cas A
(Viner 1973), and form the basis for the flux scale of
the Clark Lake 26.3-MHz sky survey (Viner and
Erickson 1975), full details of the techniques used are
given below.

I, METHOD

The method used here is similar to Little’s in that a
large array is switched against a standard half-wave-
length dipole of known collecting area. However, here
we measure the intensity of a discrete source simul-
taneously with the dipole-array configuration and with
the array alone. The observed chart deflections are
then combined algebraically to determine the flux
density of the source as a function of the collecting
area of the standard dipole, the noise power of a cali-
bration signal, and cable attenuations.

As shown in Fig. 1, the signals from a calibration
dipole and a grating array are combined in the corre-
lation receiver, while the total-power response of the
grating array is measured simultaneously in a second
receiver. The coaxial hybrid rings B, C, and D are used
as signal splitters.

* Present address: Department of Physics, Stirling Hall,
Queen’s University, Kingston, Ontario, Canada.
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The response of the total-power receiver to a radio
source of flux density S relative to a calibration signal
of noise power P, per unit bandwidth is

30,4,5/2 ;4,5

1
ia 1P ¢

t D

’

ar P,

where a; is the cable loss from hybrid port D3 to the
noise source, a, is the cable loss from port D3 to the
grating array, and 4, is the total collecting area of the
grating array. The factor S/2 arises from the fact
that only one polarization is detected. Other factors of
2 correspond to signal splitting in the hybrid rings.
Similarly, the response of the correlation receiver
to the radio source relative to the calibration signal is

\/—é—a,,A,S/Z \/%acACS/z S /a,,A,,acAc
%alpc

%azp ¢ P CV Q102 ’
where a, is the cable and attenuator loss from port
B1 to the noise source, a. is the cable loss from port
B1 to the calibration dipole, and 4. is the collecting
area of the calibration dipole.

All cable loss figures should include reflection losses
(if any) due to impedance mismatches at the hybrids.

Combining Egs. 1 and 2, we obtain the flux density
of the radio source independent of the collecting area
(4,) and the transmission line attenuation (ay,erg) of
the grating array:

2=

()

ach sz
acd. Rz.

)

One advantage of this method is that the grating
array provides a very large collecting area but its
properties do not enter into the calculation of the
absolute flux densities. Whereas a pair of standard
dipoles provide just enough collecting area to measure
the two strongest sources, this configuration can easily
be used to measure absolute flux densities of sources
ten times weaker. In addition, the high resolution of the
grating array reduces the effects of confusion due to
large-scale galactic background radiation and other
discrete sources.

The grating array has been described in detail by
Erickson (1965). The power pattern of the array
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Fic. 1. Block diagram of the equipment configuration used for
measuring absolute flux densities. The dashed lines enclose all
equipment located within the receiver room.

(10 arcminX 3° grating lobes at intervals of 175 EW)
is illustrated schematically in Fig. 2, which shows the
path of a radio source through several grating lobes.

The multiple-response pattern of the grating array
constitutes another advantage of this method of
measuring absolute flux densities at low radio fre-
quencies with a nonsteerable array. Rather than
observing a given radio source only once per night with
a precision of £15 to 25%; (due to ionospheric scintil-
lations), we can make up to 30 independent measure-
ments of the source intensity within an hour or two of
transit. This permits us to define the mean intensity
of a strong radio source within 5%, in a single night.
In the measurements reported here, a precision of
+1.5%, was obtained for the intensity of each source
in 20 to 30 days of observing, at which point about 200
“good” observations had been obtained.

In addition, the capability of observing a radio
source many times in the span of a few hours provides
a valuable internal check on the degree to which slow
ionospheric scintillations have disturbed each day’s
observations.

A disadvantage of this method is that two dissimilar
receivers are used and corrections must be made for
any differences in the properties of the receivers and
their response to signals from the antennas. The correc-
tions for time constant, bandpass smearing, and partial
resolution and their associated uncertainties are dis-
cussed further in Sec. VI.

III. EQUIPMENT
A. Antennas

The construction of the calibration dipole is shown
in Fig. 3. The dipole and the quarter-wave transformer
are made of brass tubing bolted to a phenolic plate for
rigid support. The dipole is suspended by fiberglass
ropes on a N-S axis above a horizontal ground screen
at the electrical center of the grating array. The dipole

was tuned to resonance and matched to the 50-Q
coaxial line with a voltage standing wave ratio (VSWR)
better than 1.02 at the center of the receiver bandpass
by means of the varjable-spacing quarter-wave trans-
former shown in Fig. 3 and a 4:1 impedance transform-
ing balun. This procedure was repeated each time the
height of the dipole above the ground screen was
changed. The VSWR at wvarious frequencies in the
150-kHz receiver bandpass was measured several times
during the program. The integrated VSWR at the
balun was found to be less than 1.10 at all times, corre-
sponding to a maximum reflection loss of 0.007 dB
or 0.15%,.

During these measurements, impedances were deter-
mined by means of a Hewlett—Packard Vector Im-
pedance Meter whose operating frequency was con-
tinuously monitored by a frequency counter.

A delay line is required between the calibration
dipole and the receiver in order to compensate for the
extra transmission line length in the grating array. The
required length of delay line was measured electroni-
cally with an accuracy of £0.15 usec, corresponding to a
maximum signal decorrelation of 0.2% in the bandpass
of the correlation receiver.

B. Receivers

The correlation receiver has been fully described
by Hubbard and Erickson (1967). It measures the
real and imaginary (quadrature) components of the
correlated power from two antennas while operating in a
closed-loop Ryle-Vonberg mode. The outputs of the
receiver are the noise diode currents necessary tio
generate noise which exactly cancels the correlated
signals from the two antennas. The receiver is thus
insensitive to amplifier gain changes and phase shifts,
and provides a linear power response over a large
dynamic range.

The total-power receiver is a standard Aerospace
Research Inc. 100 C Mark II riometer. It too is a
Ryle-Vonberg receiver and has a linear power response.
The linearity of both receivers has been verified within
about 19, in the course of this program. The time
constants used during most of the absolute flux-density
measurements reported here were 2.0 sec for the corre-
lation receiver and 1.3 sec for the total-power receiver.
These values were low enough to make corrections to
the observed chart deflections small, and to prevent
the smearing out of fast ionospheric scintillations, but

MERIDIAN
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Fi16. 2. Schematic illustration of the path of a radio source
through part of the grating array response pattern.
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F16. 3. Details of the construction
of the calibration dipole.
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high enough that the signal-to-noise ratio was not
seriously degraded.

Grating lobes off the meridian are affected by de-
correlation of signals across the bandpass of a receiver.
Since the two receivers used here do not have identical
bandpasses, corrections must be applied to the chart
deflections R, and Ry before using them in Eq. 3. In
order to keep the corrections small while maintaining
a good signal-to-noise ratio, the bandpass of both
receivers were kept relatively narrow. Throughout the
absolute flux-density measurements the correlation
receiver was operated with a 150-kHz bandwidth. The
total-power receiver was retuned several times during
the measurements, but was generally operated with a
bandwidth between 60 and 190 kHz.

The noise source used to calibrate the receivers
consists of a temperature-limited noise diode with a

A

0.25)

plate current of 10 mA and a load resistance of 1000 Q.
The output impedance is roughly matched to 50 2 by
means of a wide-band 20:1 tapped toroidal transformer.
The noise level thus generated is a constant 6X 10 °K
with a half-power bandwidth of 10 MHz centered
on 26.3 MHz. '

By appropriate choice of attenuation between the
noise source and the receivers, the calibration signal
can be set equal to the level produced by any discrete
radio source.

IV. OBSERVING PROCEDURE

In order to observe a given source through as many
fringes as possible, the grating array was adjusted so
that the source would transit slightly south of the center
of the meridian fringe, as shown schematically in Fig. 2.

QUAD

AN

Fic. 4. Sample chart records for absolute measurements on Cyg A, showing passage of the source through
N fringes 41 to 4-6 of the grating array on 18 Sept 1969.
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Fic. 5. Peak fringe response as a function of fringe number for
Cyg A on (a) 18 Sept 1969, (b) 19 Sept 1969, and (c) 22 Sept
1969, showing the effects of weak, moderate, and strong slow
ionospheric scintillation activity, respectively.

The maximum number of usable fringe crossings is a
function of the source declination for a given N-S
beamwidth. For the four sources studied here, more
than 20 independent measurements of absolute flux
density could be made in an observing period of three
to four hours under ideal interference and scintillation
conditions.

The receivers were calibrated at the beginning and
end of each of these runs, and occasionally during a
run in the time between fringes by injecting a noise
reference signal into hybrid port C2 (Fig. 1). This is
illustrated in Fig. 4, showing the chart records obtained
during part of a run on Cyg A. The parameter R, used
in Eq. 3 to obtain the absolute flux density is simply
the ratio of the peak chart deflection for a given fringe
divided by the calibration deflection. Because both real
(IN-phase) and imaginary (QUADrature-phase) com-
ponents are extracted in the correlation receiver, the
parameter R, is given by:

Dy \? Dy \?
o)) o
Dcar/ in \Dcar/ quap

where Dy is the peak chart deflection for fringe N and
Dcay, 1s the calibration deflection.

The number of fringe crossings obtained on a given
run only occasionally approached the maximum
possible, due to interference and scintillations. Fast
ionospheric scintillations were immediately apparent
from the shapes of the drift curves. Slow scintillations
with periods longer than a few minutes could only be
detected by plotting the peak fringe response of  the
total-power records against fringe number. The slow
scintillations appear as fringe-to-fringe amplitude
variations on such plots, as seen in Fig. 5.  ~

The data of 18 September was cbtained when the
ionosphere was relatively smooth. The dip in the curve
near transit occurred because the source was slightly
south of the fringe center at that point. The falloff at
large fringe numbers corresponds to a N-S beamwidth
of 2°720°3 for the grating array.

The data of 19 and 22 September were obtained
during periods of moderate and strong slow scintilla-
tions, respectively. Since the slow scintillations had a
period of about 23 min, they did not seriously alter
the shapes of the drift curves for each fringe and would
have been virtually undetectable with a single-beam
antenna,

At 26.3 MHz, all of the runs were affected by scintil-
lations tc some extent, the severity generally being
least when trapsit occurred before midnight. When the
fast or slow scintillations produced peak-to-peak ampli-
tude variations greater than 30% of the mean ampli-
tude, the data was considered unreliable and was not
analyzed. On this basis, about half of the data for each
source was rejected. In the acceptable data, the effect
of the scintillations was reduced by averaging over
many fringes for each run.

V. EQUIPMENT CALIBRATION

A. Noise Source

As described in Sec. III, the noise source used to
calibrate the receivers generates a constant signal
equivalent to To=6X10%°K, which is attenuvated to
lower levels by a Telonic model TG-950 stepped variable
attenuator. The noise power per unit bandwidth
matched into hybrid port C2 is given by 2T wacaraman,
where £ is Boltzmann’s constant, ocap is the loss
applied by the stepped attenuator, ay represents mis-
match losses at C2, and «y is the sum of cable losses
and the insertion loss of the stepped attenuator.

In order to determine this noise power, an Aerospace
Research Inc. model NS-C variable noise generator
was connected to C2 with a short length of coaxial cable
and the response of the receivers to a known signal
kT snion’as was measured. The loss in the cable (o)
was calculated to be 1.040.3%,. Impedance mismatches
at C2 were found to produce less than 1.0% loss for
either noise source.
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The value of acay necessary to make Toacaromon
= Tsriam’ay’ was determined by interpolation for seven
values of Tar; between 500 and 12 000°K, giving
Toamao= 47 0004-400°K. This value assumes that the
ARI noise generator has no error.

According to the manufacturer, the accuracy of the
NS-C noise generator should be better than 2.3%, up
to 100 MHz. In order to improve (and verify) this
accuracy, the output of the NS-C was directly compared
with that of a similar model at the Goddard Space
Flight Center which had previously been calibrated by
the National Bureau of Standards at Boplder, Colorado.

Making a small scale correction on our noise source,
we find the absolute value of Toamas to be 47200
+800°K. Therefore, the noise power matched into
hybrid port C2 is equivalent to 4.72X10'acar°K of
excess noise temperature. During most of the absolute
flux-density measurements, acar was set to give a cali-
bration level of 23 400°K for observations of Cyg A
and Cas A, and 2360°K for observations of Tau A and
Vir A. In order that these calibration levels produce
signals at the receivers comparable with that from the
standard dipole as well as the grating array, it was
necessary to put a 20-dB attenuator on hybrid B as
shown in Fig. 1.

B. Attenuation

The attenuation a; between hybrid ports C2 and B1
was measured both piecewise and in lofo by substi-
tution. In both cases, the value was found to be
21.514+0.03 dB.

The total -attenuation between the calibration dipole
and hybrid port Bl is given by:

a.=aprtapartarerrtamntas, (5)
where

apr=delay line attenuation, measured by substi-
tution with accuracy =0.04 dB including interpolation
of temperature variations;

apar=losses in the balun and in the quarter-wave
transformer; measured by an open and short circuit
method to be 0.212£0.06 dB;

arprL= reflection losses at the balun, integrated over
the receiver bandpass; calculated to be 0.001-0.006 dB
with uncertainty =40.001 dB;

ary= cable losses between the balun and the delay
line ; measured by insertion to be 0.574-0.02 dB;

az = cable losses in hybrid B between ports 2 and 1;
measured by substitution to be 0.762-0.03 dB.

The ultimate standard for attenuation was a Wein-
schel model 64A stepped attenuator which had been
factory calibrated with an accuracy of =40.01 dB.
The TG-950 stepped attenuator was calibrated against
the Weinschel with an accuracy of £0.02 dB, and was
used to calibrate several other attenuators to 2=0.03 dB.
These attenuators and a Shallcross stepped attenuator

with 0.1-dB steps were then used to precisely calibrate
a portable square-law detector at 26.3 MHz. The
detector provided an accurate interpolation between
the 1-dB steps of the comparison attenuators when
measuring unknown attenuations by substitution. Dur-
ing all attenuation measurements, any mismatch losses
greater than 0.5%, were taken into account.

C. Dipole Collecting Area

According to Kraus (1950, Chap. 3), the maximum
effective aperture of a lossless resonant antenna is

V2
em=—"""", (6)
- 4PR
where V is the voltage induced across the antenna by
the incident wave, P=E?/Z=power density of the
incident wave with field strength E traveling through
a medium with impedance Z (=120 = for free space),
and R is the radiation resistance of the antenna.

For a half-wave dipole with a sinusoidal current
distribution, V'=FE\/r. Substituting for V, P, and Z
in Eq. 6, we get

4 30n2 o
" #R

This maximum response will occur when the angle ¢
between the dipole axis and the direction of the incident
wave is 90°. For other angles, the effective area will be

Ae(f,Z)=A¢m'D2(§')'12(Z), (8)

where D(¢) is the voltage response pattern of the dipole
in free space, and the image factor,

2wh
I(z)=2 sin(——— cos z), )
A

is producéd by the effect of an ideal ground screen a
distance % below the horizontal dipole. The angle z is the
zenith angle of the incident wave.

The voltage response pattern D({)-I(z) was calcu-
lated for each observed fringe following Schelkunoff
and Friis (1952) with allowance for the effects of the
center gap s and the capacitive end effect 8. The angles
¢ and z were determined from the declination of the
source and the hour angle of the fringe.

The loss resistance at 26.3 MHz in the brass cylinders
which constitute the dipole can be shown to be $0.07 Q.
Hence, the heat losses in the antenna are negligible,
and the resistance seen at the antenna terminals is the
radiation resistance of the dipole to a high degree of
precision.

Rather than calculate the theoretical radiation
resistance of the dipole, it was decided to measure the
resistance directly by substitution.
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Tasie I. Calibration dipole parameters at several heights
above the ground screen.

Capaci- Substitution Radiation
Dipole tive end resistance Correction  resistance
Height half- effect R, AR

k (m) lengthl 8 (ohms) (ohms) (ohms)
1.45 0.2266 0.0143n 30.6x0.5 +1.4+0.15 32.04-0.6
1.86 0.225% 0.0143x 44.4+0.5 +41.1+0.15 45.540.6
. 2.42 0.228\ 0.0143n 68.74+0.8 +0.3+0.5 69.0-0.9
2.78 0.231» 0.0142) 80.5x1.5 —0.2:40.8 80.3+1.6

Carbon composition resistors in steps of about 5
were measured on a Boonton R-X Meter in the lab
to determine their resistances at 26.3 MHz. These
resistors were substituted for the dipole at the end of
the quarter-wave transformer, and the impedance at the
end of the balun was measured with a Hewlett—Packard
Vector Impedance Meter for each resistor and for the
dipole itself. The radiation resistance of the dipole
was obtained by interpolating between the impedance
readings produced by the composition resistors.

This procedure was repeated each time the height
of the dipole above the ground screen was changed.

The accuracy of the Boonton bridge was checked
at 26.3 MHz for three values of resistance using
standard General Radio type 874 50-2 and 100-Q
terminations, and corrections were applied to the dipole
substitution resistance R, assuming that the bridge
correction varies smoothly with nominal measured
resistance. The corrections are listed in Table I along
with the values of R, and the other parameters used to
calculate the dipole collecting area for each dipole
height.

The ground screen used under the calibration dipole
consisted of a double layer of 5.5-cm wire mesh of
22-gauge galvanized steel in contact with the ground.
According to Wilson and Cottony (1960), such a wire
mesh will have a front/back ratio >45 dB at 26.3 MHz.

The size of the ground screen is 2.1\ parallel to the
dipole and 1.0\ at right angles. For this configuration,
the measurements of Wilson and Cottony (1960)
indicate that the maximum back radiation diffracted
around the edges of the ground screen has a level of
—22 dB. However, much of this “spillover” radiation
will be reflected back to the dipole by the flat ground
beyond the edges of the ground screen.

Hence the effect of the nonideal ground screen is
to reduce the effective aperture of the dipole by an
amount much less than 19, This is supported by the
measurements of Yates and Wielebinski (1966), who
find <29, losses for a one-wavelength square screen
with a much coarser grid.

Since the ground under the screen was not perfectly
flat, there is an uncertainty of 45 cm in the quoted
dipole heights. The corresponding uncertainty in the
image factor I(z) is 0.29,-2.29,, depending on the
dipole height and the zenith angle of the source.

Nonsinusoidal current distributions on the arms of
the dipole and uncertainty in the end effect calculations
produce an error less than 29 in the dipole factor D(¢).

Combining the errors in I(z), D({), and R, we find
the net uncertainty in the dipole collecting area to be
2.6%~-3.5%, depending on the height above the ground
screen.

However, it should be noted that the absolute
measurements were in fact performed with the dipole
at four different heights above the ground screen,
whereas the customary practice is to select one height
depending on impedance matching requirements. The
fact that the results show no systematic difference
from one height to another is further evidence that
there are no serious errors in this method of deter-
mining the dipole collecting area.

D. Ionospheric Absorption

Facilities for ionospheric sounding or the measure-
ment. of ionospheric absorption were not available at
the Clark Lake Radio Observatory. The reason for
this is that nighttime absorption at 26.3 MHz is
expected to be low (<5%) and daytime observations
are generally impossible because of high levels of ter-
restrial interference. In addition, ionospheric param-
eters can be determined with reasonable accuracy by
interpolating the values found by nearby sounding
stations. These stations (White Sands, Point Arguello,
and Stanford) have geomagnetic latitudes within 5° of
that of Clark Lake (40°5 N) and straddle the observa-
tory in geomagnetic longitude (11°E, 5°W, and 7°W,
respectively).

Although ionospheric absorption less than 5%, cannot
be accurately measured, it can be calculated by com-
bining an ionospheric model (Viner 1973) with estimates
of the F2 layer critical frequency (foF2) and the exo-
spheric temperature of the ionosphere (Tex.). Formulae
in the U. S. Standard Atmosphere Supplements (1966)
were used to calculate Tey, as a function of local time,
season, solar activity, and geomagnetic activity. The
value of foF2 was interpolated with an accuracy better
than +0.5 MHz from ionosonde data as described
above.

The necessary ionospheric sounding data, and the
appropriate solar and geomagnetic activity indices
were provided by World Data Center A in Boulder,
Colorado.

Because the amount of absorption is considerably
higher during the day and daytime ionospheric models
are more complicated, reduction of data was restricted

-to observations taken at night. For those observations,

the amount of absorption was rarely greater than 2%
and could be determined with an uncertainty of less
than 19,
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VI. ERROR ANALVSIS AND RESULTS TasiE II(a). Summary of data reduction for Cyg A.
A. Results Corrected
Date Flux*  oscarr Noss orer? flux*

Tables II(a) through (d) summarize the results of

3 4 June69 28 700 4.6% 23 27 28 200
data reduction on all acceptable data for the four STume60 30400 S56° 23 37 29600

SﬂMSﬂ?\OO?\O\UlM\IO\O\\IO

sources being studied: Column 1 gives the date on which 34,760 24000 3.4 11 22 24400
each set of observations was taken. The mean calcu- ;(7) ﬁug gg %g% g. g %2 % %gggg
- o ug )

lated flux density for each run, the standard deviation {7 Sept 60 31800 2.6 7 16 32100
(rms error) of the mean from internal scatter (escarr), 18Sept 69 30600 2.5 20 15 31000
d the number of observed fringes from which data 20Sept 69 30100 3.9 20 24 30500
an . peiubapect 2§ a4 Gively, 21Sept69 28700 4.6 9 31 30400
were taken are given in columns 2, 3, and 4, respectively. 355 c60 27400 5.4 7 58 28000
Virtually all of the scatter within a given run is  20ct 69 2; 500 4.‘; 1; 30 27900

i 3 intillati i 6 Nov 69 27 900 2. 20 28 200

caused by slow ionospheric scintillations. Since tﬁfﬁ‘;’ 7Nov69 28700 2.4 11 12 29500
scintillations are produced by large irregularities whic S Nov 69 27900 3.2 13 17 28700

effectively focus and defocus the radiation from the

G
&3

A O STON\O WO\ 00 rt s

source being observed, the deviations of apparent

intensity from the mean are multiplicative rather than Tasee I1(b). Summary of data reduction for Cas A.

additive in nature. Hence, the mean values and standard Corrected
deviations quoted were obtained by -averaging the Date Flux*  osoarr Nops omrm® flux*

3

loganthn}s of the. ﬂu:f densities in order to ~avold 8Aug 69 42300 2.99, 19 19 42800  5.89
systematic overestimation of the mean. The use of a2 17 Aug 69 40800 3.8 20 20 41200 5.9
linear average could give mean values as much as 2 30 Aug 69- 42100 5.4 6 61 42600 8.8
: g . & . B : 70 2 Sept 69 45400 2.3 17 11 45 800 5.0
too high for a given run, depending on ‘the magnitude o3 Sept 69 44300 5.8 13 45 44600 7.8
of the internal scatter. 26 Sept g 45200 2.7 28 1% g 288 5.7
Tve i 27 Sept 42 100 2.4 2 1 5.6
C'ohfmn 5 glvezs the square of the relative standard 28Sent 60 46200 2.1 10 16 46600 5.5
deviation (srEr?) for each run, calculated as the “gpc 60 41700 4.3 17 23 42500 6.2
difference of the squares of the total rms error and the 9 Dec 69 42100 2.7 17 12 42900 5.2
errors common to all runs: This parameter gives the i(l) g:f: gg i; ;% %g i; ié ﬁg% 2'8
relative quality of each run, and its inverse was used ) )
as a weighting factor when ﬁnal averages were calcu-
lated for each source. TasLE II(c). Summary of data reduction for Tau A.
Column 6 gives the absolute flux density corrected Corrected
fc_)r ionospheric absqrpti‘on, partial resol.ution, receiver Date Flux* oscarr Nops omes? ‘;;u"ii € or
time constant, and time delay decorrelation. 26006 290 339 17 25 5950 7.3%
. C . .
The last column gives the net rms error (1) for 57060 3060 3.5° 22 26 3080 7.2°
each run. _ 5Feb70 3610 4.7 14 40 3640 8.4
The absorption correction was found to be less than g gzg ;8 gggg ; é %g 23 ;’ggg gz
2%in general. The time constant and partial resolution 9 Feb70 2800 2.8 22 11 290 6.3
corrections, which are listed in Table III, were also 10 Feb 70 2830 2.2 13 8 2860 5.9
quite small due to the fact that a rafio of receiver g g’:g ;8 %g.}.g %g }g }i :_2,3‘118 g:i
responses was used in Eq. 3 to calculate the flux 14Feb70 2080 3.6 16 16 3020 6.6
densities, . 15 Feb 70 2930 3.5 16 - 15 2970 6.5
The Gaussian source widths quoted in Table IIT 16Feb70 2870 2.4 5 220 60
were derived from total-power records by measuring
the extent to which each source broadened the theo- TasLE 11(d). Summary of data reduction for Vir A.
retical antenna pattern (Viner 1973). The partial
resolution corrections were calculated using the 26.3- Corrected
g Date Flux*  oscarr Nops omrm?  flux*

MHz source sizes instead of the generally more precise

SoNoOMONNLO

high-frequency data in order to avoid any systematic 16Apr70 4150  3.8% 13 17 4280
errors due to variations of source size with frequency. ég ﬁp‘; .7,8 iggg §Z(7) 22‘ 22 %

The time constant corrections were derived by 28 Apr70 4830 5.8 12 37 40
convolving the true antenna patterns with the step 3‘1) &Pf 7,?0 ggg ;g 1‘; 6% %
function response of the integrator, using 2.04£0.3 and 5 M:;’ 70 4400 4.5 12 24 4520
1.3+0.3 sec for the time constants of the correlation 11 May 70 4600 4.0 18 21 4760
receiver and the total-power receiver, respectively. The %i 1‘1&:3’ ;8 ﬁig gz %‘2 _ fg 226;8
correction factor for the runs of 4 and 5 June was 0.974, s Mag,’ 70 4280 2.0 13 14 4420

corresponding to a total-power receiver time constant

R

wh—oavaravos|

of 61.5 sec. # In units of 1072 W/m?/Hz.
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Tasre III. Corrections to calculated ﬂﬁx densities.

‘TaBLE V. Summary of sources of error for each source.

Source Partial Time
Source size* resolution constant
Cyg A 3024102 1.002 1.003
Cas A 4,041/8 1.002 1.001
Tau A <37 1.001 1.005
Vir A 5/9-+£0!9 1.013 1.004

* Assuming Gaussian source distribution.

The overall weighted averages of flux density for
each source are presented in Table IV, along with the
net (rms) standard deviation and the mean epoch of
observation for each source. The values for 8 August
(Cyg A) and 5 February (Tau A) deviated from the
means by 3.7 and 3.8 times their relative standard
deviations, and were not included in the final average.
The large deviations may be due to very slow scintil-
lations with periods greater than two hours, or they
may be due to a chance synchronization of the scintil-
lation period with the fringe spacing of the grating
array (8= for Cyg A and 625 for Tau A). Inclusion of
these values would decrease the average Cyg A flux
density by 1.3% and increase the average Tau A flux
density by 0.69%,. )

B. Discussion of Errors

The various contributions to the rms standard
deviation are summarized in Table V for each source.
Since the magnitudes of some of the errors differ from
run to run, the quoted numbers are weighted means of
the associated errors for each run.

Some comments on individual sources of error follow:

(1) The correction factor applied to each fringe
for bandpass smearing is the ratio of fringe-washing
functions (Christiansen and Hogbom 1969) for the
total-power receiver and the correlation receiver. Since
the magnitude of the correction increased with fringe
number, the correction was applied during the data
reduction for each fringe before calculating the mean
flux density for any run.

The uncertainty in the bandpass smearing correction
also increased with fringe number. At times, the un-
certainty in the width and shape of the total-power
receiver bandpass was large enough that the- data
from some fringes had to be thrown out in order that
the systematic error in the mean flux density be less

TasLe IV. Final absolute flux densities of each source.

Absolute flux Standard
Source density* error, %, Epoch
Cyg A 29600 5.0 1969.8
Cas A 44100 4.6 1969.8
Tau A 2990 5.7 1970.1
Vir A 4570 5.3 1970.3

* In units of 1072 W/m?/Hz.

Sources of error Cyg A CasA Tau A VirA

Noise source 1.7% 1.7% 1.7% 1.7%
Attenuation 2.1 2.0 2.0 2.0
Standard dipole Resistance 1.9 1.9 2.1 1.6
Image factor 1.2 1.1 0.3 1.3
Dipole factor 2.0 2.0 2.0 2.0
Tonospheric absorption 0.6 0.7 0.3 0.5
Bandpass smearing 1.7 1.2 0.9 0.7
Partial resolution 0.2 0.2 0.1 0.8
Time constant 0.3 0.2 0.3 0.3
Chart scaling errors 1.5 1.4 3.9 3.1
Scatter of the mean 1.6 1.3 0.9 1.5

than 2.09 for that run. Less than 109, of the reduceable
data was rejected for this reason.

(2) Three sources of chart scaling errors were con-
sidered: (a) confusion due to other sources in the
antenna beam, (b) systematic scaling errors in the
presence of random noise fluctuations, and (c) the
smallest resolvable chart deflection in the absence of
noise fluctuations.

Included in (a) were all known sources which pass
through some part of the grating array pattern during
a run, and which might produce a chart deflection
larger than 19, of that of the source being studied. The
net contribution of -these sources to the mean flux
density obtained in a given run was found to be less
than 0.5%, in all four cases, even though the values for
some individual fringes may be high or low by a few
percent. The net uncertainty in the mean flux density
for each source due to confusion is given in Table VI.

In the presence of “white” noise fluctuations,
individual measured chart deflections will have an
uncertainty equal to the rms noise level (von Hoerner
1961; Whalen 1971). However, this is a random error,
and contributes only to the scatter of the data. We are
interested here in the possible systematic measuring
€rrors.

If the fluctuations seen on the chart records are due
to fast scintillations, the measured chart deflections
will be systematically high. This overestimation is due
to the fact that record scaling is a linear procedure,
while scintillations are multiplicative. Fast scintiilations
were common only in the Tau A data reported here,
producing a systematic error of about 0.1%, in the
mean flux density. For the other sources, the possible
systematic error due to unrecognized fast scintillations
is considerably smaller.

TaBLE VI. Sources of scaling errors.

Personal Chart
Source Confusion bias resolution
Cyg A 0.29% 0.6% 1.4%
Cas A 0.1 0.4 1.3
Tau A 0.5 2.4 2.9
Vir A 0.5 1.8 2.5




263-MHz RADIO SURVEY 91

34000 |

FLUX . , ii CYG A, RMS= |
pensiTy 29090 I . ) } oo i %i s ;1;— 6.2 %

. 26000 |- IME f} _

~” k-

48000 - { |

44000 i p 5101 {i 60 f{'}} cas 8 150 e -

40000 - } -

J; J

3400 - 1 4

3000 § % & Lty Tau o 50 %

2600 |- ' i

L ' J

4800 14 .}ﬂl H , VIR & AMS = 7]

4400 - 1‘ i 5°P j}} 100 150 4.27% |

4000 |- -

F1G. 6. Absolute flux densities of Cyg A, Tau A, and Vir A plotted as a function of time in days from
an arbitrary starting point for each source.

More important is the possibility of a personal bias
in scaling records in the presence of noise. It is reason-
able to assume that any personal bias will be smaller
than % of the peak-to-peak noise fluctuation level.
The corresponding errors in the mean flux density for
each source are listed in column 3 of Table VI, based
on measured noise levels.

Finally, even in the absence of noise fluctuations,
the thickness of the pen trace and the limits of resolu-
tion of the eye suggest that chart deflections cannot
be measured more accurately than 0.01-0.02 in. The
equivalent percent error in the flux density for each
source, based on the typical chart deflections obtained
in the experiment, is quoted in column 4 of Table VI.

The personal bias and chart resolution errors quoted
in Table VI are quadratic sums of the errors for all three
chart recorders used for the absolute measurements.

VII. TIME VARIATIONS

Braude e al. (1969) report that they have detected
intrinsic time variations in the flux densities of Cas A,
Tau A, and 3C84 at frequencies below 30 MHz. The
12.6-MHz flux densities of Cas A and 3C84 were found
to change by 2.5 dB over a time span of two to three
months, while the intensity of Tau A fluctuated by 4
dB within one month. The amplitude of the variations
decreased linearly with the observing frequency up to
25 MHz for all three sources.

Such variations would make these sources useless
as standards of absolute flux density at low frequencies,
and would have important consequences for theoretical
models of radio sources. Hence, it is important to
verify or refute claims of variability using independent
observations.

This has already been done at 10 MHz (Bridle and
Caswell 1970) and at 22 MHz (Roger 1970) for 3C84
using data which partially overlapped Braude’s obser-
vations. No evidence of variability was found at either
frequency, and upper limits of 209, and 129, respec-
tively, were set on the rms of any undetected variability.
In addition, Bridle and Caswell offer reasonable
explanations for the apparent variability in Braude’s
measurements in terms of ionospheric phenomena.

Figure 6 shows the 26.3-MHz absolute flux-density
measurements for Cyg A, Cas A, Tan A, and Vir A
plotted as a function of time in days from an arbitrary
starting point for each source. The vertical lines repre-
sent the relative standard deviations (smrEr) for each
run, while the long horizontal lines show the mean flux
density for each source. The rms scatter about the
mean is given in percent at the right-hand side of the
figure for each source.

No evidence of systematic variations is apparent
in the flux densities of Cyg A or Cas A over periods of a
few months. Assuming that the observations were not
taken at fortuitous times, any undetected variability
must be less than 69, rms and 3.59, rms, respectively.
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Similarly, Tau A and Vir A appear to have constant
flux densities over periods of ten days and one month,
respectively, although the distribution of data points
on the time basis is too small to refute the possibility
of variations on a longer time scale.

It might also be noted that Braude ef al. consider
the source Vir A to have no intrinsic variations. Yet
the scatter of data for Vir A at 26.3 MHz is not signifi-
cantly different from that of the other three sources
studied. Therefore, it is tentatively concluded that all
four sources have constant flux densities on a time
scale of days or months during the period of the present
observations.

VIII. CONCLUSIONS

This paper has demonstrated that a grating array
used in conjunction with a standard dipole and two
receivers can be a powerful tool for measuring absolute
flux densities of radio sources at low radio frequencies
where ionospheric scintillations are a major problem.

The limiting accuracy of this method at 26.3 MHz
should be about 3.3%, for the strongest sources. In
order to approach this limit, we would require a reduced
delay-line attenuation, better knowledge of receiver
parameters, and better standards for noise power,
-attenuation, and resistance.

It is most important that this method be extended
to frequencies below 20 MHz, where absolute flux scales
are very poorly known and ionospheric effects are a
limiting factor for other methods. With small changes
in the grating array and delay line, it should be possible
to measure the absolute flux densities of up to ten
discrete sources with an accuracy of 5%-109, at
frequencies as low as 10 MHz. '
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VLBI OBSERVATIONS OF THE CRAB NEBULA PULSAR
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ABSTRACT

Observations of the Crab Nebula pulsar at meter wavelengths using VLBI techniques have been
made, At 196.5 MHz we observe no resolution of the pulsar, all the pulse shapes observed with the
interferometers are similar to single-dish profiles, and all the power pulsates. At 111.5 MHz besides
the pulsing power there is always a steady component, presumably due to multipath propagation
effects, The pulsar is slightly resolved at 111.5 MHz with an apparent angular diameter of
0707 =+ 0701. We observe 50 percent linear polarization of the time-averaged power at 196.5 MHz;
at 111.5 MHz, 20 percent of the total time-averaged power is polarized, 35 percent of the pulsing
power is polarized. The steady component is unpolarized. The total flux of the steady plus pulsating
component appears to remain constant while the distribution of power between these components
varies.

Subject headings: pulsars — Crab Nebula

I. INTRODUCTION

From 1971 November through 1972 March we observed the Crab Nebula pulsar
(PSR 0531-+-21) at monthly intervals using very long baseline interferometry (VLBI)
techniques at meter wavelengths. The results presented in this Letter are based on the
November and December observations. The purpose of the experiment was to monitor
the apparent angular size of the pulsar and to compare variations in the pulse shape,
as reported by Rankin and Counselman (1973), to changes in angular size. The rela-
tion between spatial and temporal broadening can indicate the general location of the
scattering screen.

The telescopes used were the 305-m (1000-foot) Arecibo dish, the 92-m (300-foot)
NRAO dish, and the 46-m (150-foot) dish at Sugar Grove, West Virginia. Table 1
gives the interferometer parameters. The standard NRAO Mark I recording terminals
were used, and the normal Arecibo Crab pulsar timing observations were made simul-
taneously. The VLBI data were coherently de-dispersed and analyzed into the Fourier
components of the pulse shape using the technique described by Erickson et el. (1972).

II. RESULTS

a) Positional Agreement of Pulsar and Compact Source

The 111.5-MHz data indicate that the average deviation of the phase of the Fourier
components (associated with the pulsar) from the fundamental phase (associated with
the compact source) is about 192, This corresponds to a positional agreement of about

L27
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TABLE 1
INTERFEROMETER PARAMETERS
111.5 MHz 196.5 MHz
D Smin Fringe Spacing D Smin  Fringe Spacing
BASELINE (wavelengths) (f.u.) (arc seconds) (wavelengths) (fn.)  (arc seconds)
Arecibo~-NRAO
(2000km) ....... 0.94 X 106 0.3 0.20 1.7 X 106 0.3 0.12
Arecibo-Sugar Grove
(2000km) ....... 0.93 X 108 05 0.20 1.6 X 108 0.5 0.12
NRAQ-Sugar Grove
(S50km) ......... 1.9 X 104 1.5 10 3.3 X 10¢ 0.8 6

07701, and supports the previous conclusion that the compact source in the Crab
Nebula must be identified with the pulsar.

b) Profiles

At 196.5 MHz, the pulse profiles observed with both low and high resolution are
similar to the single-dish Arecibo profiles, and all the power pulsates. We conclude
that there is no resolution of the pulsar at 196.5 MHz and place an upper limit on
its apparent size of 0”04. Both the high- and low-resolution observations at 111.5
MHz show a broad pulse shape and a steady component, implying that the temporal
and angular scattering are not simply related and probably do not occur at the same
place along the intervening path.

The average fringe visibility at 111.5 MHz is 0.8 &= 0.1, corresponding to an
apparent angular diameter of 0707 == 0701, assuming a Gaussian brightness distribu-
tion. The angular size predicted on the basis of interstellar scattering by Harris,
Zeissig, and Lovelace (1970) is 0709 at 111.5 MHz. The average value of the ratio of
steady to total flux is 0.45 == 0.1 for both months’ observations, in good agreement
with the scattering function proposed by Rankin e al. (1970) which predicts 0.5 == 0.2,

¢) Total flux

The total flux of the small-diameter source was constant throughout the entire
observing program. Each epoch yields a time-averaged total flux of 35 =+ 5 fu. at
111.5 MHz and 6 = 1 f.u. at 196.5 MHz. The variations in pulsar strength observed
with a single dish at 111.5 MHz should be attributed not to intrinsic changes in the
total flux, but to different distributions of the power between the pulsing and steady
components.

d) Polarization

In figure 1 we have superposed the 111.5-MHz pulse profiles from several runs.
Observations made with feeds of opposite circular polarization at the ends of the
baselines make the interferometer sensitive to only linearly polarized radiation of any
position angle. When crossed circular feeds were used, the steady component of the
pulse disappeared on both the high- and low-resolution observations, implying that
this is a polarization, not a resolution, effect. The disappearance of the steady com-
ponent means that it is unpolarized while the pulsing component retains partial linear
polarization.

We observe 50 percent linear polarization of the average power at 196.5 MHz. At
111.5 MHz, 20 percent of the total time-averaged power is linearly polarized. Since
the interferometer observes all the power from the small-diameter source, some of
which is not detected by single-dish observers, this is a true measure of the polarization.
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F1c. 1—Superposition of 111.5-MHz average pulse profiles, The height of the bar under the main
pulse represents the amplitude of the instrumental polarization.

If we consider only the pulsating power, we agree with the observations of Manchester,
Huguenin, and Taylor (1972).

In order to study the transmission characteristics of the intervening medium, an
analysis of the Fourier components of the pulse shapes from all five months’ observa—
tions is in progress.

We are indebted to L. K. Hutton for painstaking reduction of the total-power data;
much of this work is based on these calibrations. We also thank L. K. Hutton, G. E.
Marandino, R. B. Miller, and R. A. Perley for assistance with the observations,
W. Brundage for technical assistance, and J. M. Rankin for the single-dish timing
scheme. This work was supported in part by grants NSF-GP-19401, NASA-NGL-
21-002-029, and NASA-NGL-21-002-033. The National Astronomy and Ionosphere
Center is operated by Cornell University under contract with the National Science
Foundation. The National Radio Astronomy Observatory is operated by Associated
Universities, Inc., under contract to the National Science Foundation.
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26.3-MHz radio source survey. II. Radio source positions and fluxes
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The results of the Clark Lake 26.3-MHz Sky Survey are presented. Data concerning the apparent fluxes and
positions of 471 radio sources in the declination range 3°< 8 <63° are given. Almost all of these sources are
identified with 3CR or 4C sources, and upper limits are placed on the fluxes of all 3CR sources which could
not be found. The flux scale for this survey is based upon the absolute flux determinations of Viner (1975, Paper
1 of this series). The procedures employed and the errors are discussed in detail. Low-frequency flux scales are
discussed and comparisons are made with other workers. The Kellermann, Pauliny-Toth, and Williams (1969)
scale should be raised by 11% to agree with the Clark Lake scale. The Penticton scale (Roger, Bridie, and Costain
1973) and the Clark Lake scale agree very well. The Grakovo scale (Bruk et al. 1968; Braude et al. 1969a)
appears to be highly nonlinear and about 30% above the Clark Lake scale.

INTRODUCTION

T HE spectra of many radio sources are poorly
known at decametric wavelengths. Data in this
wavelength range are difficult to obtain because large
apertures are needed to produce the small beamwidths
required to reduce confusion to an acceptable level,
ionospheric refraction and absorption perturb the mea-
surements, observations are often ruined by terrestrial
interference, and the high galactic background emission
raises system noise temperatures and lowers system
-sensitivity. In this work we have alleviated many of
these problems. The survey is referred to a well-de-
termined absolute flux scale (Viner 1975). An aperture
of 3000220 m? was used, producing a beam area of
less than 0.5 deg® and correspondingly low-resolution
limits. The data were taken at night when ionospheric
absorption was low, and all sources were observed many
times to average over the effects of refractive scintilla-
tions. The collecting area of the system was sufficient
to reach its resolution limits and most of the data were
taken with a highly linear receiver (Hubbard and
Erickson 1967) which is unaffected by diurnal variations
in galactic background level. The errors involved in
these measurements have been carefully analyzed so
that the reader can easily assess the reliability of the
data.

The area of sky covered by the survey is 4/10 of the
celestial sphere in the range 3° 20'<§<63° 20/, with a
few missing regions due to sidelobes of strong sources
and similar problems. In this area we present reliable
measurements of 449 isolated sources which were each
observed on an average of 14 times, 22 possible blends
of two sources, 60 upper limits of the fluxes of 3CR
sources, and less reliable measurements of another 119
sources which may be affected by confusion or which
were not observed a sufficient number of times to justify
inclusion in the main list. For sources in the main list
there is an average of 80 beam area/source. This indi-
cates the low-resolution limit which is the principal

* Present address: Astronomy Group, Department of Physics,
Queen’s University, Kingston, Ontario, Canada.

advantage gained by the high angular resolution of the
instrument. Also, theidentification of sources in our list
with those observed at higher frequencies is usually
unambiguous due to our relatively high angular
resolution.

1. EQUIPMENT
A. Receiver

Relative flux densities of radio sources were measured
at 26.3 MHz on a semiregular basis at the Clark Lake
Radio Observatory from November 1963 to December
1970. Frior to mid-1965, the receiver configuration con-
sisted of two phase-switching receivers which extracted
in-phase and quadrature-phase information from the
correlated signals of two arrays. A block diagram of the
system is shown in Fig. 1. During this period, the if.

SOLID GRATING

ARRAY

LOC
OSCILLATOR

ow{ DETECTOR ]
[WTEGRATOR |
RECORDER

Fic. 1. Block diagram of the receiver configuration used for

sky survey observations. After 1965 the system was slightly modi-
fied to that described by Hubbard and Erickson (1967).
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bandpass used was 500 kHz and the postdetection time
constant was 10 sec.

After mid-1965, a cross-correlation receiver based on
the Ryle-Vonberg principle (Hubbard and Erickson
1967) was installed in order to increase stability with
regard to gain and phase changes in the receiver. Inter-
mediate-frequency amplifiers with a bandwidth of
800 kHz were installed. Most of the sky survey data
has been obtained using this receiver configuration.

The extraction of in-phase and quadrature-phase in-
formation from the correlated signals of the two arrays
permits measurement of the declination of a source as
well as its flux density in a single observation. The flux
density of a source is proportional to the root mean
square of the in-phase and quadrature-phase compo-
nents, while the declination of the source is determined
from the ratio of in-phase to quadrature-phase signals.

B. Antenna

The two arrays used to make relative flux-density
measurements are a grating array and a solid array
(Erickson 1965) as shown in Fig. 2. When the grating
array is phase switched with the solid array, the resulting
antenna pattern is a fan beam on the local meridian
with an EW beamwidth of 14 arcmin and a NS beam-
width of 92 arcmin at the zenith.

The relative flux densities of Tau A, Vir A, Cyg A,
and Cas A obtained with this equipment have been

[oX:-1 4 -1

o4} -

0. ] ] 1
* 20 10 . 20 30

2

F1c. 3. The gain of the sky survey array as a function
of zenith distance Z in degrees.

BRANCHED FEED SYSTEM
“FOR SPACED ARRAYS

compared with precise absolute fluxes of the same
sources at 26.3 MHz (Viner 1973, 1975) to derive the
gain versus zenith distance relation shown in Fig. 3 and
to determine the overall flux scale.

It should be stressed that the curve shown in Fig. 3
is based on absolute data, and is independent of the
flux scales used by any other observer: The accuracy of
the curve is =109, over the zenith angle range 0°-30°.

II. OBSERVATIONS
A. Confusion Limits

Follov(ring Burns (1972), the rms fluctuation level on
a record due to confusing sources weaker than S
is taken as

8L E
05L=|: SN (S)dS m(ﬂ)dﬂ] , ®
0

4

where N(S) represents the number of sources per
steradian with flux >.5, G(Q) is the normalized antenna
gain, and dQ is an element of solid angle.

Since the N(S) curve has not been measured at low
radio frequencies down to very low flux levels, we have
approximated it by assuming that it has the same shape
as that measured at 178 MHz (Gower 1966) and at
408 MHz (Pooley and Ryle 1968); and we have also
assumed that the flux-density scales according to the
mean spectral index &(v) as determined by Williams
and Bridle (1967). In addition, we assume that the
slope of the logh, logS relation falls continuously to
zero at very low flux levels.

The antenna pattern G(Q) has sidelobe levels which
depend on the declination to which the arrays are
phased. Hence, the fluctuation level o5, will be a func-
tion of declination. ‘

Taking the confusion limit to be Sz=5os;, Eq. 1 was
evaluated numerically for several declination settings of
the array in the range 8=3°-63°. The resulting confu-
sion limit of the sky survey as a function of declination
is shown in Fig. 4.

The uncertainty in Sz, could be as high as a factor
of 1.5 due to errors in the assumptions on &(v), on the
shape of the N(S) curve at very low flux levels, and on
whether or not the shape of N(S) is actually the same
as that observed at higher frequencies. The shape of
the curve may be significantly affected by the class of
low-frequency steep-spectrum sources (Williams and
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Bridle 1967) whose number, flux-density relation is at
present unknown. -

Thermal noise fluctuations at the receiver output,
due to receiver noise and galactic background radiation,
are small compared to the fluctuations due to confusion
and do not contribute significantly to the flux limit.

Since some 149 connectors must be adjusted in order
to change the pointing of the antenna beam, there is
some noninfinitesimal probability that at least one con-
nection is not set properly at any given time. In addition,
one or more dipoles may have a broken connection due
to the flexing of cables and the aging effects of Sun,
wind, and sandstorms.

Serious errors involving many wrongly adjusted con-
nections are evident in the response of the array, or the
lack of it, to a strong (>100 Jy) source. However,
minor errors will more likely be reflected in an increased
sidelobe level in some part of the sky. This will cause
a slight increase in the confusion noise level due to weak
sources, and will produce spurious apparent sources on
the records when strong sources pass through the en-
hanced sidelobes.

B. Prodecure

Because of the time and effort required to rephase the
arrays, the antenna beam was usually left at a given
declination setting for 3-5 days. Hence, each “run”
constitutes several scans of a given declination strip
taken on consecutive days.

During this period, several calibrations per day equiv-
alent to a source of 180 Jy were applied to the records
by means of the calibration noise source and a variable
step attenuator. The noise source has previously been
described by Viner (1975). The receiver is highly linear
for flux densities up to several hundred janskys, but for

declination strips contalning sources stronger than

about 300 Jy, additional calibrations approximately
equal to the source strength were added to the records.
For sources strong enough to saturate the receiver, at-
tenuation was added between the hybrids (where the
calibration signal is added to the antenna signal) and
the input to the cross-correlation receiver. This attenu-
ation reduces the signal to the region of receiver line-

arity but does not affect the ratio of source/calibration
signals.

The antennas were tested about twice per month
using a pulsing technique (Erickson 1965) to check for
broken connectors and cables, or for tangled transmis-
sion lines. Attenuation of the various transmission lines
and ionospheric data were not measured at the time of
the observations. The Local Sidereal Time markers on
the chart recorders were calibrated once or twice per
day by means of WWYV radio time signals and LST/
Solar Time conversion tables. The time calibration was
accurate to 0.1 min.

A total of 288 independent runs were taken intermit-
tently with other research programs between November
1963 and December 1970. The early runs were taken
at scattered declinations to look for interesting sources
(Erickson and Cronyn 1965) and were interference free
for about 20 h/day. Later data were taken more
systematically but increased interference due to solar
activity and the encroachments of civilization had re-
duced observation periods to 8-12 h/day, generally at
night.

C. Sky Coverage

A given declination strip 8o was considered to be com-
pletely covered if there were data at all right ascensions
from at least two days on each of at least two indepen-
dent runs taken at dates separated by at least one month.
Since adjacent declination strips are separated by % of
the NS beamwidth, coverage on at least two days in
both adjacent declination strips was considered equiva-
lent to two days coverage at 8.

This definition ensures that in the area of sky covered,
every source is observable at least four times, with at
least two independent intermittent sidelobe patterns
(see confusion discussion above). The coverage ob-
tained by the Clark Lake instrument is shown graphi-
cally in Fig.”6 as a function of right ascension and
declination.

However, this definition of sky coverage is indepen-
dent of the confusion noise limit in various parts of the
sky. The variation of S; with declination was shown in
Fig. 4. In addition, the flux limit increases strongly at
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Fi1G. 5. Regions of enhanced confusion due to sidelobes
of sources stronger than 300 Jy at 26.3 MHz.

all declinations near the right ascensions of very strong
sources, due to NS sidelobes and to incomplete cancel-
lation of the spaced-array-grating responses by the solid
array. An indication of these regions of enhanced con-
fusion caused by sources stronger than 300 Jy is shown
in Fig. 5.

III. RESULTS AND ANALYSIS
A. Data Reduction

During the sky survey program preliminary data re-
duction was performed on each run. Upon completion
of the observational program, all of the data were re-
analyzed systematically starting with the declination
strip at 63° 20'.

VINER AND ERICKSON

First, all in-phase records for a given strip were com-
pared side by side. The positions of all apparent sources
stronger than 0.8 times the confusion flux limit S were
marked. Then the position of all the 3CR catalogue
[the revised version of the third Cambridge catalogue
of radio sources at 178 MHz (Bennett 1962)] sources in
the strip were checked. The in-phase and quadrature-
phase deflections were then scaled at each source posi-
tion and upper limits to the deflections estimated for
3CR sources which were not detected.

For weak sources (<2S.), neighboring declination
strips were rechecked for evidence of the sources on
both in-phase and quadrature-phase records. The de-
flections were scaled and tabulated for antenna settings
up ‘to 70 arcmin away from the source positions in
declination, and a note was made of the presence or
absence of the effects of the source on the quadrature-
phase records for a further 40-arcmin displacement in
declination. These extra measurements were made to
ensure that each source recorded was not due to an
intermittent sidelobe in a given run and to improve the
statistics when all observations of a given source were
later averaged.

The apparent flux density obtained from each ob-
servation was corrected for displacement of the source
from the center of the NS beam; for time constant
effects; for daily and seasonal variations in transmission
line attenuation with temperature; and for daily, sea-
sonal, and solar cycle variations in ionospheric absorp-
tion (Viner 1973). The observed right ascension (cor-
rected for time constant) and declination for each
observation were precessed to 1950.0.

60
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PR T

F1G6. 6. Area of sky covered by
the sky survey program as defined
in Sec. II-C. ’
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The width of the source drift curve was also measured
for each observation in order to check on possible beam
broadening due to extended sources. Primarily because
of ionospheric effects, the uncertainty in beam broaden-
ing for a given drift curve is quite high; but the average
of many such values can give significant results for
sources equal to or larger than the beam size. For strong
sources, it is possible to detect beam broadening duve to
angular structure as small as 6 arcmin when many ob-
servations are averaged.

Because the correction for ionospheric absorption
was quite uncertain, each observation was assigned a
weight from 1.0 to 0.3 depending on the size of the
absorption correction applied to it. An additional
weighting factor of 0.2 was applied to any observation
which appeared to be affected by ionospheric scintilla-
tions. The derivation of this factor is discussed below.

All the observations of each source were collected
together and the weighted mean positions, flux densities,
and angular sizes were calculated for each source. Since
the major sources of error in the flux densities are ex-
pected to be multiplicative, the flux densities were
averaged on a logarithmic base.

Table I(a) gives the results for 471 sources in order
of increasing right ascension. All sources are stronger
than the flux limit derived above.

The first column gives the source designation based
on the Parkes numbering system (CSIRO staff 1969).
Any further reference to a source will use the letters
CL followed by this designation.

In those cases in which a source has been previously
catalogued, column 2 gives the most common catalogue
name. The names are taken primarily from the 3CR
(Bennett 1962), 4C (Pilkington and Scott 1965 ; Gower
et al. 1967; Caswell and Crowther 1969), WKB
(Williams et al. 1966), P (Shimmins and Day 1968),
and VRO (MacLeod ef al. 1965; Dickel et al. 1967;
Wendker e al. 1970; Dickel et al. 1971) radio source
catalogues.

Identification with a catalogued source is considered
uncertain when the observed position differs from the
catalogued position by more than twice the standard
deviation in right ascension or declination. In these
cases, the catalogue name is enclosed in brackefs.
Sources more than 3¢ from any in these catalogues are
labeled NPC in column 2.

The observed right ascension and declination (epoch
1950.0) and their standard errors are listed in columns
3 and 4, respectively.

Column 5 gives the mean flux density in janskys,
corrected for partial resolution, and its error.

Column 6 gives the total number of observations and
column 7 the sum of the weights of those data points.
A comparison of the values gives some idea of the
quality of the data for each source.

Comments on individual sources are made in column
8. The comment “E” means that the present data or
high-frequency measurements show the source to be
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extended in right ascension, and a partial resolution
correction > 3%, was required to obtain the integrated
flux density. If the flux-density correction was > 109,
the flux is shown in brackets.

For sources stronger than ~100 Jy within 2™ in right
ascension and 90arcmin in declination of known sidelobes
of strong sources, the effects of the sidelobe confusion
were taken into account in the quoted position, flux
density, and errors, and the comment “C” was added
to column 8. When the comment is given in parentheses,
such an analysis has not been performed and the source
parameters must be treated with caution.

Sources with 025 in right ascension and 30 arcmin in
declination of known sidelobes were listed in Table I(b)
because of the large errors involved.

Additional comments on sources of particular interest
are given at the end of Table 1. Table I(b) is identical
to Table I(a) except that it lists 119 sources for which
the observations are less reliable. Table I(c) gives upper
limits on the fluxes of the small-diameter 3CR sources
which were not detected at 26.3 MHaz.

The quoted error bars are all standard deviations.
They are calculated as the square root of the sum of the
squares of statistical scatter, confusion errors, system-
atic measuring errors, and the uncertainties in the cor-
rections applied to the right ascension and apparent flux.
The quoted errors in flux density do not include the 109,
uncertainty in the flux scale derived in the Sec. I-B.
All sources thought to be extended at 26.3 MHz are
listed in Table II along with the adopted factors used
in calculating integrated flux densities. Of the sources
observed, 16 showed significant beam broadening, in
which W—W>ow. The value of o, which is the un-
certainty in the mean drift curve width measurement
W, includes statistical scatter, systematic chart scaling
errors, and confusion errors. Two additional sources
showed significant beam broadening on total-power
records obtained for the absolute flux measurements
(Viner 1973). Table II lists these 18 sources along with
those sources known to be extended at higher frequen-
cies for which partial resolution by the 14-arcmin EW
beam is expected to be >3%,. Sources for which there
is substantial lack of agreement in high-frequency struc-
ture measurements by different authors were not
included.

The first two columns of Table II give the source
designation and the corresponding catalogue name.
Column 3 gives the significance of the observed beam
broadening (W —Wg)/ow, and column 4 the equivalent
Gaussian source size in the EW direction after decon-
volution of the observed drift curves.

The next three columns summarize the high-fre-
quency structure measurements, extrapolated to 26.3
MHz where possible. Column 5 states the structure
class, whether double (D), core-halo (H), or a complex
brightness distribution (C). If column 5 is left blank,
the source is assumed to consist of a single component
with a2 Gaussian or disk-shaped brightness distribution.
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Column 6 gives the EW extent of each source to the
half-brightness points. For double sources with small
angular diameter components, the source separation is
given, and for double sources with extended compo-
nents, the mean component size is given, followed by the
separation. References to the high-frequency structure
measurements are given in column 7. .
The adopted correction factors for partial resolutio
are listed in column 8, along with the error correspond-

ERICKSON

ing to the uncertainty in the quoted structure and the
possibility of non-Gaussian brightness distributions.
These correction factors have been applied to the peak
flux densities quoted in Table I but there may be errors
inherent in the extrapolation of high-frequency struc-
ture data. The true structure of a given source at 26.3
MHz may be considerably different from that quoted
at high frequencies if it contains one or more compo-
nents with very steep spectra which would not be de-

TaBLE I(a). Clark Lake 26.3-MHz Sky Survey source list. Values quoted are weighted averages corrected for ionospheric absorption,
temperature effects, and time constant, and all errors are one standard deviation. Errors include statistical scatter, confusion, measuring
uncertainty, and uncertainties in the various correction factors. Allowance has been made for partial resolution of extended sources.

Source Name R.A. Err Dec. Err Flux Err Nobs Sumwt Remark
CLOC17+15 3C 9 00 177 o2 15 40 19 99, 18, 8 28 +{C)
CLOD22+62 {3C 10) 00 2245 o2 62 42 25 345, 53, 8 Be0 CsE
CLOC31+25 NPC 00 31.3 o2 25 23 18 32 Te 13 942
CLO031439 3C 13 00 31.5 o2 39 23 13 46 e Te 15 8e5
CLO033+18 3C 14 00 33.9 02 18 19 11 69, Te 11 Teb
CLOD34+38 4C38403 00 34.8 e 3 38 02 20 29 6o 14 8eb
CL.0035+12 3C 16 00 35.1 2 12 57 9 99, Se 6 360 ()
CL0OO38+09 3C 18 00 3844 02 09 30 17 127, 27, i1 8ok C
CLO0N38+32 3C 19 00 38.5 2 32 48 14 b, 6e 20 161
CL0038+25 4C25402 00 38.8 o2 25 36 16 39 6o 5 32
CLO040+51 3C 20 00 4040 «3 51 47 10 1526 13 10 98 C
CLOO48B+51 3C 22 00 4843 02 51 09 12 760 Se 12 1402 C
CLO053+26 3C 28 00 53.3 ol 26 26 9 115, s 24 2062
CLO055+26 4C266403 00 55.8 02 26 56 13 G4y 6o 16 1266
CLO100+25 4C25403 01 00e4 2 25 46 19 31, 6o 12 9e6
CLO104+32 3C 31 01 04.7 o2 32 21 11 65, Te 23 1945
‘CLO105+53 NPC 01 05.1 3 53 51 11 79 9 10 bets
CLO106+13 3C 33 01 0662 ol 13 19 8 222, 260 12 56
CLO107+31 3C 34 01 0745 ol 31 48 11 (86e¢) 13 22 15.8 E
CLO109+49 3C 35 01 094 3 49 27 14 474 6o 12 Te0
CL.01154+45 3C 36 01 1545 22 45 42 15 41 T» 15 1540
CLO119+37 4C37404 01 1942 o b 37 51 24 25 Te 9 6e8
CL0122+27 NPC 01 2244 3 27 56 22 28 To 7 60
CL0124432 3C &1 + 0l 2448 »3 32 44 22 28 be 11 9e4

4C32.07
CLO125+29 3C 42 01 25.9 2 29 11 14 416 6o 12 8e6
CL0127+23 3C 43 01 2762 02 23 15 13 46, 6o 22 167
CLO128+25 4C25007 01 28.8 82 25 15 13 46 6 22 135
CL0129406 3C 44 01 29,1 02 06 26 17 720 12. 11 6e7 (C)
CLO132+37 3C 46 01 32,6 2 37 43 11 58 6o 17 1le6
CLO133+20 3C 47 01 33.7 0l 20 47 6 190, 13, 24 1648
CL0134+30 4029403 01 34,0 02 30 16 13 43, 8a 15 1261
CL01354+32 3C 48 01l 35,0 02 32 48 16 37 6e 13 10.9
CLO136+39 4C39.04 01 3667 02 39 49 10 640 Ge 25 1940
CLO143427 4C27.05 01 4347 «3 27 59 18 33, be 10 8.7
CLO145453 3C 52 01 4545 o & 53 23 14 50e T» 8 560
CLO150+16 4C16.04 01 50a4 22 16 30 18 36e 8 5 Lol
CLO150+40 4C40007 Cl 5068 82 40 49 18 33 be 30 2347
CLO153+43 3C 54 0l 5340 3 43 28 13 51s 9e 11 55
CLO1544+28 3C 55 01 54,5 sl 28 49 8 88e e 18 13.0
CLO157+40 4C40+08 01 57.5 ®2 40 41 12 52 be 36 2762 E
CL0200+20 4C19.07 02 00 5 3 20 05 19 34, 6o 10 Beb
CLO204+29 3C 59 02 0462 62 29 32 11 52 Ta 18 12.8
CL0208+20 3C 60 02 0865 82 20 54 19 31 Ta 5 4e3
CL0212+35 4C36603+ 02 12s2 3 35 27 24 25, Ta 10 10.0
4C34606 .
CLO214+27 4C27.07 02 14.0 ol 27 56 19 31. s 5 303
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TaBLE 1(a) (continued)

937

Source Name RA. Err Dec. Err Flux Err Nobs Sumwt Remark
CLO214+11 4C10.06 02 144 ®2 11 10 18 L399 8s 8 Teb
CLO215+42 NPC 02 15,2 2 42 44 11 58, 8o 11 609
CL0219+08 3C 64 02 19,3 02 08 09 18 580 10. 12 9el
CL0220+42 3C 66 02 2040 02 42 50 8 149, 11 15 67 (S ]
CLO0222+26 4C26008 02 2245 3 26 45 20 29, 6o 9 Be2
CLO225+49 4C49407 02 25.1 e3 49 28 21 31, Te 12 Ge8
CLO228+39 4C39.08 02 2848 #3 39 29 17 34, 6o 15 1le1
CL0229+34 3C 68,1 02 2946 2 34 20 8 88, 6o 17 1740
CLO0231+31 (3C 68.2) 02 31,2 02 31 46 10 92 8e 25 20,1
CL0232+29 4C28406 02 32,7 e2 29 01 11 66 10 7 4o7
CLO232+41 4C41.04 02 3247 02 41 10 14 4le 6o 29 2445
CLO0234+58 3C 69 02 3442 o2 58 58 11 109, 10 15 1560
CLO237+43 VR0O430202 02 37,1 02 43 53 15 504 Be 4 le3
CL0240+49 4C49408 02 4042 o4 49 56 25 276 Te 11 8e3
CLO241+39 4C39,09 02 41.7 o3 39 23 15 39, be 13 93
CL0245+48 NPC 02 4540 o4 48 17 27 240 Te 9 70
CLO246+42 4C42408 02 4645 02 42 55 12 66 8 13 6e7 (c)
CLO247+39 3C 73 02 47,3 o2 39 24 10 60 Ge 18 1244
CLO248447 4C456406 02 4841 3 47 Q27 19 33, e i3 9e¢7
CL0250+38 4C38408 02 5048 o2 38 21 16 37 7o 9 be2
CL0251+20 3C 74 02 5143 02 20 33 15 50 6o 14 1067
CL0252+47 4C4T7407 02 5241 o4 47 47 23 294 Te 6 3a7
CLO255+06 3C 75 02 5543 2 06 07 10 138 17 20 177 E
CL0255+12 4CT13417 02 55,8 2 12 52 20 40, 8 5 50
CLO259+35 4C35,06 02 59.1 o2 35 39 12 47« 6o 15 1540
CLO300+16 3C 7661 03 0047 2 16 30 16 41 Te 5 540
CLO0302+48 3C 77 03 D2.3 b 48 13 26 254 9e 5 50
CLO305+04 3C 78 03 0549 e3 04 D9 22 63, 17, 3 240
CLO307+16 3C 79 03 0743 o2 16 54 7 154, 9 9 6e5
CLO309+24 3C 83 03 095 02 24 21 12 544 Te 11 8e3
CLO0313+32 4C31610 03 13,1 2 32 11 19 33s . 6o 15 13.7
CLO314+41] 3C 83.1B 03 1467 o2 41 38 9 183, 17 13 6e2 CsE
CLO314+58 WKB 03 14.8 o3 58 06 15 88 10. 12 110
CLO316+4l 3C 84 03 16.6 *2 41 35 8 751, 48, 34 33.2 E
CLO3244+55 3C 86 03 2440 a3 55 15 9 113, 8e 12 97
CLO334+50 3C 91 03 3443 o2 50 41 13 49, Ee 13 Te&
CLO340+04 3C 93 03 4046 02 04 28 21 76 12, 5 3e3
CLO346+34 4C34415 03 4645 02 34 04 16 38, 6o 8 80
CLO0356+10 3C 98 03 5644 el 10 31 7 215, 18, 18 136
CLO359+44 4C444610 03 59.8 22 44 53 15 44,4 Te 7 680
CLO401+28 4C28.11 04 0le4 Y4 28 44 16 38. 6o 7 Se7
CLO403+30 4C30406+ 04 03s2 o2 30 29 11 55, Te 16 1l4e4 (C)E

4C29611 ’
CLO0403+20 4C20.13 04 03.4 o2 20 59 15 39, e 12 8e5
CLO404+43 3C103 04 Q4.8 02 43 °02 8 135, 12s 18 1240 (C}
CLO409+31 4C31,158 04 0960 62 41 21 13 55 Ta 16 150 (C)
CLO409+58 4C58.10 04 09.1 o5 58 05 26 41e 10. 8 Te0
CLO411+11 3C109 04 11.1 sl 11 18 ¢ 117, e 25 21e0
CLO412+14 4Clb4e11 04 12600 2 14 20 18 3% Te 9 Te7
CLO415+37 3C111 04 1561 82 37 51 6 334, 13, 25 222 E
CLO417+17 3Cl1l4 04 17e5 ok 17 32 16 486 Fe 3 20
CLO419+14 4Cl4e012 04 1945 Py 14 12 15 48, Ta 9 607
CL0425+50 4C50612 04 2563 o4 50 30 25 2% 8e 5 3e7
CLO425+54 4C54406 04 25,9 3 4 55 18 52 S 8 660
CLO433+29 3C123 04 33,7 02 29 40 6 828 39, 23 19.8
CL0443+39 3C125 04 43,40 02 39 41 9 Tle Te 23 21.9 {Cl
CLO443+50 3C128 04 43,2 3 50 37 17 426 8e & 400
CL0445+36 NPC 04 4540 22 36 08 18 326 6o 13 1360
CLO445+44 3C129+ 04 45,4 e2 44 53 8 (230s) 41ls 17 110 E

3C129.1
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Tasie I(a) (continued)

Source Name R.A. Err Dec. Err Flux Err Nobs Sumwt Remark
CLO449+52 3C130 04 4944 22 52 09 11 75 8e 10 960
CLO450+31 3C131 04 5060 02 31 26 8 (119+) 1lés 15 1344 E
CLO454422 3C132 04 54.1 02 22 37 11 63, 8 23 10,9 (C)
CLO500+25 3C133 05 0060 02 25 03 10 97, 21e 19 15.5 C
CLO501+37 3C134 05 0143 ol 37 58 5 469 18e 26 2244
CL0513+51 3C136 05 1340 3 51 13 19 36, Te 10 940
CL0513+24 3Cl36.1 05 13.1 2 24 47 10 105, 26a 19 1542 CsE
CLOS513+445 4C45408 ‘05 1368 3 45 31 15 39, (-1 9 Te0
CL0515450 3C137 05 1549 3 50 58 1% 45, Te 13 11.7
CLO521+28 3C139.2 05 21s1 s2 28 23 10 78 lle 15 13.2 {C) .
CL0522+51 4C51.18 05 2244 3 51 39 19 36 Te 13 1lle4
CL0523+32 3C141 05 2367 02 32 44 9 Tle 6o 16 13.8 {C)
CL0529+06 3Cl42.1 05 29.1 o2 06 25 15 160, 38e 20 1262 C
CLO531422 3Clas4 05 31le6 ol 22 09 6 28290 133 56 3740 E
CLO538+48  3Cl47 05 38e5 o3 48 22 16 39, - Te 15 1248 (C)

' 4C47416
CLO0548+28 3C149 05 4841 .2 28 53 15 40 6o 17 1462
CLO548+37 4C37.14 05 4845 3 37 22 17 36 Ge 8 S5e4
CLO555+15 4C15417 05 5547 02 15 53 16 49, Be 6 4o
CLO559+42 3C151 05 598 2 +2 31 17 36 =18 18 174
CLO601+24 4C24,11 06 0l1e8 o2 24 35 15 40 Te 11 9e3 (C)
CLO606+48 3C153 06 06.1 «3 48 20 15 424 8e 8 6okt
CLO610+26 - 3Cl54 06 1049 2 26 17 10 119, 16e 12 11.2 C
CLO611+42 4C42417 06 1lle4 e3 42 51 17 34, 6 12 Sebt
CLO613+54 4C54 405+ 06 1348 b 54 54 23 35, 8 9 643
4C55,12 :
CLO614+22 3C157 06 l4.1 2 22 35 10 (600e) 48 55 39,1 E
CLO614+37 4C37416 06 1443 3 37 34 23 260 Te 10 Te8
CLOB617+29 VR0290603 06 174 2 29 22 16 37 e 21 19.2
CLO619+14 3C158 06 1943 3 14 40 12 T3e Te 6 540
CL0622+40 3C159 06 22.0 2 40 15 10 67 6o 32 300
CLO0628+25 3C162 06 2867 2 25 06 10 T2 Te 18 1346 (C)
CLO630+47 4C46412 06 3065 3 47 33 23 28, Ts 16 1249
CLO631+44 NPC 06 3165 3 44 32 17 35, Te 4 3e7
CLO636+29  4C29.23 06 367 3 29 57 19 31 6o 10 942
CLO6404+23 3C165 06 40.1 2 23 22 11 58 Te 19 Ted
CLO642+21 3C166 06 4263 ol 21 25 8 108. 8, 18 1l.1
CLO6L4T+45 3C169.1 06 4747 «3 45 14 12 50, 6 15 10.7
CLOGLT+41] 4C41417 06 4748 3 41 40 17 36 6s 9 70
CLO651+54 3C171 06 5147 3 54 20 11 976 10. 11 848
CLO6S56+36 4C35.14 06 5662 3 36 01 15 39, 6o 9 90
CL0658+23 4C23,18 06 5843 2 23 19 12 50 6e 31 17e4 (C)
CLO659+38 3C173 06 59,1 3 38 04 18 33, 6s 11 8,1
CLO659+25 3C172 06 5964 o2 25 21 9 Tle 6o 16 13,2
CLO703+42 4C42423 07 0363 82 42 51 16 39, Te 12 1le5 E
CLO704+38 4C38620 07 0Q4sl 2 38 26 12 51, 6o 13 12.7
CLO710+12 3C175 07 1063 el 12 02 8 132 10. 27 19.5
CLOT711+45 4C45,13 07 11.0 3 45 44 18 33, Ts 13 124
CLO713+37 NPC 07 1369 .2 37 15 18 34, Ha 8 6eT
CLO718+36 4C35,17 07 18,3 3 36 12 18 32 Te 13 "'1340
CLO721+19 4C19029 07 21s2 s2 19 00 21 42, - 21 184
CLO0T721+31 4C31627 07 21.8 83 31 26 21 28, Te 11 1040
CLO722+15 3C177 07 22.3 e2 15 42 13 56s Te 6 502
CLO724+31 4C31,28 07 24.4 2 31 22 19 31 7o 5 540
CLOT725+14 3C181 07 2549 e2 14 34 13 57« 8e 7 6e2
CLOT26+24 3C182 07 26s4 sl 24 38 8 114, 8s 21 164
CLO732+43 3C183 07 3260 82 43 59 15 38 96 3 30
CLO0732+29 4C29625 07 3269 3 29 08 27 236 Te 16 1360
CLOT734+36 4C366e13 07 34.2 3 36 13 22 27e be 12 11.0
CLO7364+21 4C21623 07 3666 22 21 06 16 36 be 10 845
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TABLE 1(a) (contiv;ued)

Source Name R.A. Err Dec. Err Flax Err Nobs Sumwt Remark
CLO07614+38 3C186 07 41,0 22 38 11 11 54, Te 14 1261
CLO742+431 4C31.30 07 4208 02 31 51 15 38e 6e 17 1660
CLO745+55 4C56416 07 4563 . L3 55 52 14 {130e) 25 16 13.4 E
CLO749+29 4C29426 07 49,9 a3 29 50 19 31. Te 15 13¢2
CLO0752+17 4C18423 07 5268 3 17 57 25 27 Te 5 420
CLO758+50 WKB 07 5842 3 50 36 19 34, Te 11 1044
CLOT759+14 3C190 07 5961 .2 14 32 12 644 8 11 Ta3
CLOBOQO+45 4C454.14 08 00+5 ok 4% 36 21 30 Te 12 1002
CL0OB802+10 3C191 08 02e2 02 10 37 18 &5, Be 27 1867
CLOB8O2+24 3C192 08 0265 el 24 24 7 136 S 28 179
CL0806+42 3C194 08 0648 02 42 26 16 404 8e 16 134
CLOB10O+36 4C37e23+ 08 1062 3 36 18 20 30 Te 11 10a0

40354619
CL0810+48 3C196 08 1062 2 48 30 7 2186 14 29 2143
CLO815+52 4C52418 08 1547 5 52 46 29 27 ile 6 be2
CL0817+10 4C09e28 08 1768 o2 10 04 18 48 10 4 2e3
CL0818+18 4C18e24 08 1841 2 18 25 19 34, Te 5 Lae2
CL0818+47 3C197.1 08 1845 2 47 03 13 49 6o 15 140 (C)
CL0820+06 3C198 08 2040 02 06 14 16 T4 11 27 2249
CL0B20+42 3C199 08 20e4 e3 42 46 21 29 Ge 12 10e4
CL0822+34 NPC 08 2249 «2 34 38 17 34, 6o 12 1240
CL0824+29 3C200 08 2445 el 29 33 10 68 6s 25 21.6
CLO825+35 (4(35420) 08 2544 o3 35 32 19 31 Te 5 5e¢0
CLOB25+24 4C26017 08 25.9 «2 24 325 11 58e 6o 19 136
CLO827+45 4C45416 08 27s4 3 45 48 18 360 b 11 Ted
CL0829+51 4C51425 08 2947 3 51 25 19 366 Te 14 1le5
CLO830+12 4Cl1.28 08 3049 2 12 03 16 47 Be 15 1367
CL0831+55 4C55,416 08 3147 o4 55 35 24 35a 8e 8 T
CLOB34+44 H4Ca5e617 08 34.8 02 44 59 15 41 G 17 140
CLO834+58 3C205 08 3449 3 58 28 20 60e 10 10 Tet
CLOB836+51 (4C5Q0627) 08 36,1 ol 51 34 22 32 Te 13 1340
CLO&838+13 3Cz207 .08 38.1 2 13 29 13 6l Te 15 12.1
CLO840+29 4C29631 08 4063 2 29 51 12 50 6o 18 162
CLO843+15 (4C154260) 08 4349 e2 15 09 18 37« Te 8 Teb
CLOB45+32 4C31632 08 45640 3 32 00 22 27 To 15 1540
CLOBLB4+4LT 4C49418 08 48,1 i 49 19 25 29 Te 7 640
CLO850+14 3C208 08 50.7 02 14 10 10 83, 10 15 11.8
CLO852+14 3C208.1 08 5242 o2 14 34 15 48, Ts 10 TeS
CL0853+29 4C29.32 08 5361 3 29 10 23 26 Ts 16 1344
CLO8544+10 4C09432 08 5445 sl 10 09 23 40a 9 14 1003
CL08544+34 3C211 08 5445 02 34 20 15 38 6s 8 Se7
CcL0855+28 3C210 . 08 552 02 28 15 11 63, 6o 20 158
CLO856+14 3C212 08 5643 02 14 35 14 51, e 12 9.1
CLO857+29 3C213s1+ 08 58s0 s2 29 36 16 3%, be 16 1560
4C29434

CL0858+55 4C56417 08 5862 5 55 53 26 33, 9e 13 13.0
CLOSO04+17 3Cz15 09 0O4e.l 82 17 02 12 66 8e 8 583
CLO904+41 6C41419 09 0446 o3 41 10 23 284 6o 28 2660 £
CLO906+37 3C217 09 06a.0 02 37 48 14 43, be 14 10.8
CLO906+43 3C216 09 0685 «2 43 03 9 88 Te 16 1268
CLO907+18 NPC 09 0767 22 18 33 14 45, 9a 12 93
CLO0909+37 4C38.27 09 09.0 02 37 58 8 98, Te 18 14e8
CLO909+17 4C16627 09 0965 02 17 03 19 33. Te 2 200
CLO911+17 4C17e48 09 11.5 e2 17 31 13 470 1l. 6 562
CL.0918+45 3C219 09 18e2 el 45 42 6 2126 1le - 17 1462
CL0922+14 4C14431 09 2262 3 14 446 17 (55.) 1ls 13 9.8 E
CL0922+42 4042429 09 2287 3 42 27 16 40 6e 12 9e6
CLO09 24439 4(39.25 09 24,2 3 39 23 18 33 be 13 12.0
CL0927+06 4C06s36 09 27.8 e3 06 46 27 436 1le 23 2004
CL0927+36 3C220e2 09 279 02 36 ¢8 13 44, 13 1064

-



940

VINER AND ERICKSON

TasirE I(a) (cz;minued) .

Source Name R.A. Err Dec. Err Flux Err Nobs Sumwt Remark
CL0932+40 3C221 09 32.0 02 40 12 15 4le 6o 21 1962
CL0936+40 3C40623 09 36,3 02 40 36 18 35 6e 19 142
CL0O937+36 3C223 09 3740 #2 36 10 8 82. Te 14 1163
CL0938+39 3C223,1 09 38,4 02 39 50 11 59, 6s 30 2745
CLO939+14 3C225 09 39.8 ol 14 16 9 94, 9 19 16.6
CL0941+10 3Cz226 09 4148 22 10 12 10 97. e 20 1540
CLO943+5¢4 4C54e19s1 09 4346 3 54 36 19 41, 8e 10 6e5
CL0945+07 3C227 09 45.3 ol 07 47 9 1626 10, 17 1240
CLO945+41 4C41420+ 09 45,9 e3 41 30 15 424 6o 5 440

4C40424
CLO947+14 3C228 09 47.8 02 14 53 11 68e 8e 15 132
CLOG4G+24 3229 09 4942 2 24 34 13 46e Te 13 9e7
CLO949+452 (4C53420) 09 4946 ol 52 35 24 31 8e 8 Tel
CL0951+25 4C25429 09 5162 3 25 39 22 28 Te 9 6eb
CL0955+32 4C32032+ 09 55,1 3 32 09 22 27, be 15 1446

4C32.33
CLO956+48 4C4T7,4,31 09 5643 o4 48 02 22 30 Ts 17 1560
CLO959429 3C234 09 5940 ol 29 10 7 177 12 28 2149
CL1001+32 4C32434 10 0la7 «2 32 08 14 400 6e 18 1546
CL1002+35 3C236 10 0248 3 35 29 20 29 Ge 16 1ll.6
CL1003+48 3C235 10 038 Y 48 34 24 27 9e 9 8e0
CL1004+44 4C44419 10 0405 3 44 40 16 38 6e 8 606
CL1004+34 NRAO346 10 0407 3 34 46 20 29, Ge 10 5e4
CL1005+08 3C237 10 059 3 08 16 24 43, 10. 15 Te9
CL1I006+41 4C41621 10 0649 3 41 57 22 27 Te 7 740
CL1008+07 3C238 10 0847 02 07 08 18 62, 10 11 R
CL1009+46 3C239 10 0940 o2 46 35 9 78 8¢ 16 116
CL1012+31 VR0311001 10 125 3 31 25 23 26 Te 11 1040
CL1013+41 (4C41422) 10 13,7 »3 41 19 17 35, 6o 9 9e0
CL1014+27 3C240 10 146 o3 27 40 24 26 Te 11 Sek
CL1014+39 (4C39429+) 10 1449 2 39 30 13 45, 8e 7 760

(4C394¢30 )
CL1018+31 4C31435 10 1840 2 21 43 22 28, Ge 15 360
CL1022+420 3C242 10 2246 02 20 14 14 43, Fe 19 1346
CL1024+07 3C243 10 2443 02 07 01 19 57 10 13 Seth
CL1024+46 4C46021 10 2443 3 46 10 18 344 6e 10 860
CL1025+48 (3C244) 10 2545 ok 48 25 23 30, 8e 7 760
Cl.1029+35 NPC 10 29,1 02 35 19 17 34, Te 7 39
CL1030425 4C25433 10 3043 3 25 11 19 32, e 15 946
CL1030+58 3C24441 © 10 3065 3 58 34 14 59, 10 16 133
CL1039+50 4C50431 10 39.3 »3 50 45 17 39, Te 13 1240
CL1040+12 3C245 10 40,0 82 12 17 11 73, 8e 24 1949
CL1043+54 4C55,421 10 4345 3 54 59 17 49, 8e 12 1064
CL1043+37 4C37428 10 43.8 ok 37 24 24 25 Te [} 563
CL1055+20 4C20e24 10 5547 02 20 24 13 47, Ts 19 1449
CL1056+43 3C247 10 5640 03 43 17 21 296 Te 13 10.5
CL1057+09 4C09.38 10 572 2 09 06 16 57 e 13 11.7
CL1057+30 3C248 10 572 82 30 40 12 51 6o 9 Te&
CL1059+56 4C56018 10 5966 o4 56 19 24 37 9a 12 1060
CL1104+16 4C16630 11 Q446 3 16 34 19 34, Te 5 50
CL1104+36 4C36.18 11 04,8 o3 36 27 22 27 Te 9 Ga0
CL1106+25 3C250 11 Ob6e4 82 25 24 8 105, 8e 22 1549
CL1107+37 4C37.29 11 07.2 2 37 46 12 500 6s 10 9.2 (C)sE
CL1109+41 4C41 623 11 09.0 02 41 04 14 45, 6s 21 18.4
CL1109+35 30252 11 09.1 02 35 55 8 96 8e 13 968
CLlli2+41 3C254 11 1260 82 41 01 9 96. 8e 26 2265
CL1113+59 NPC 11 137 Y 59 49 32 39, 13, 8 8.0
CL1114+29 4C29e41 11 14,0 02 29 21 17 34, Te 14 1166
CL1118+23 3C256 11 1860 82 23 41 15 41, 6. 27 149
CL1121+31 NPC 11 2164 o3 31 33 21 28 Te 7 6.0



26.3-MHz SURVEY

TasirE I(a) (continued)

941

Source Name RA, Err Dec. Err Flux Err  Nobs Sumwt Remark
CL1121+44 VR0431102 11 21.5 02 44 06 15 40 Te 12 11.0
CL1123+30 4C30e21 11 2346 03 30 17 20 29, Te 9 Te6
CL1125+426 4C25435 11 2547 +3 26 19 23 260 Te 11 et
CL1128+43 VR0431103 11 28.3 3 43 48 22 28 Te 11 92
CL11314+49 NPC’ 11 31,1 «3 49 53 17 39, Te 2% 23.1
CL1131+33 4C33428+ 11 31,2 3 33 42 20 31l. b 6 30

4C33,27
CL1132+30 3C261 11 3267 3 30 28 14 43, 6a 9 6e0
CL1136+31 WKB 11 3640 o2 31 26 18 33. 6s 7 409
CL1140+58 4C58422 11 40e2 5 58 28 28 386 11, 8 Te3
CL1140+49 4C49,21 11 4044 ol 49 17 26 26 Te 9 740
CL1140+21 3C26361+ 11 408 2 21 51 12 83e Te 33 23.6

P1140+21
CL1142+20 3C264 11 42.8 o2 20. 02 7 141, 10e 29 1847
CL1ll43+31 3C265 11 4340 sl 31 51 7 129 s 18 14.9
CL1143+50 3C266 11 4344 3 50 10 20 33, 8e 14 1244
CL1l47+12 3C267 11 4745 2 12 56 11 69 Te 9 69 <)
CL1151+51 4C51428 11 5144 ° 4 51 04 26 28 Te 14 1340
CL1151+38 4C38632 11 5167 3 38 36 22 28 Te 14 1242
CL1151+29 4C29 444 11 51.9 o2 29 37 11 55 Te 21 192
CL1153+55 4C55422 11 5340 «3 55 21 14- 60 8e 10 940 E
CL1156+27 4C26435 11 5641 2 27 01 17 37« 8 7 66
CL11584+32 3C2682 11 58e6 o2 32 00 19 31 Te 13 1le4
CL.1158+25 4C25438 11 5849 3 25 30 21 296 6o 11 8e2
CL1201+24 P1201+24 12 0le2 «3 24 28 22 28, Te 9 8e0
CL1202+29 4C29 446 12 0245 2 29 42 12 53, Ge 19 1662
CL1202+49 NPC 12 028 oy 49 21 27 25 Te 10 960
CL1205+39 4C39635 12 0565 3 39 07 20 29 6o 19 1840
CL1206%+43 3C268e4 12 0646 *3 43 57 18 34, 8e 11 10.0
CL1213+53 4C53 424 12 1342 3 53 56 14 55, Ge 7 4e3
CL1216+20 4C20428 12 1646 02 20 21 12 57 Te 12 645
CLiz216+06 3C270 12 1647 ol 06 25 10 (1626} 2le 24 1767 E
Cl.1218+33 3C270.1 12 1843 e2 33 40 10 60 8¢ 7 340
CL1219+31 4C31440 12 1944 2 31 55 15 376 be 12 8ot
CL1222+42 3C272 12 2243 e2 42 52 18 35, 6s 16 9e3
CLl228+12 3C274 12 2844 ol 12 33 6 434)e 232a 28 2043 £
CL1232+21 3C274,61 12 3249 o2 21 38 10 113, 24e 15 11le2 C
CLl244+26 wWKB 12 4440 02 26 19 14 43, 6e 14 1362
CL1244+38 4C38633 12 4446 3 38 49 20 30 8e 15 1440
CL1249+50 3C277 12 4944 3 50 48 16 51 Te 11 70
CL1250+47 3C276 12 5001 02 47 29 13 49, Qe 9 6eb
CL1251+16 3C27762 12 51.1 02 16 00 13 62 8 10 3ab
CL1251+27 3C277+3 12 51.8 2 27 34 15 406 6o 14 12.6
CL1254+37 4C37¢35 12 5461 3 37 16 21 29 To 8 73
CL1254+47 3280 12 54,9 22 47 46 10 S4a 10 14 1261
CL1256+44 4C44 422 12 56,1 a3 44 42 14 43, 6o 11 960
CL1256+28 COMA C 12 56649 02 28 03 13 (l148¢) 27 13 1240 E
CL1256+36 4C36.22 12 5669 o4 36 48 24 27 Te 9 8.3
CL1258+40 3C280.1 12 58s4 02 40 17 15 41, be 28 2662
CL1303+09 4C09e45 12 03,1 2 09 15 15 61, 13 15 11.5
CL1305+46 WwKB 13 05a.0 02 46 41 9 The 10e 9 76l
CL1305+24 NPC 13 05,2 82 24 52 18 32, To 12 95
CL1308+27 3C284 13 08Be6 sl 27 41 9 8l. be 16 13.8
CL1316+30 4C29e47 13 167 02 30 02 16 37 6o 12 10e4
CL1319+42 3C285+ 13 19.3 02 42 58 12 55 be 14 1le5

4C43427 )
CL1321+31 VR0311301 13 21.3 3 31 24 24 25 Ts & 23
CL1321+41 4C4125 13 2163 el 41 55 24 26s Te 8 70
CL1325+22 {4C22.38) 13 25,0 82 22 43 18 34, be 14 13.9
CL1327+47 4CaT763601 13 2748 oh 47 42 23 3le 8s 11 11.0 E



942 VINER AND ERICKSON

T@m 1(a) (continued)

Source Name RA. - Err Dec. Err Flux Err Nobs Sumwt Remark
CL1329+30 3C286 13 29,0 3 30 45 17 34, 8e & 367
CL1329+25 3C287+ 13 29,1 82 25 06 10 T1le Te 18 1262

4C25044
CL1329+50 4C50636 13 2943 5 50 31 23 30, 8e 5 540
CL1333+41 4C41426 13 33,5 e2 41 21 12 49 e 28 2640
CL1336+39 3¢288 13 3648 02 39 07 8 97, b 18 1640
CL1339+26 4C26441 13 3967 2 26 39 11 57 Ge 9 TeT
CL1343450 3289 13 4367 o b 50 03 21 33, Be 10 Te0
CL1343+37 4C37e39 13 43,9 3 37 01 21 28e 6o 13 11e3
CL1346+28 4C28434 13 4643 2 28 43 17 35, 6o 19 1542
CL1346+26 4C26442 13 4649 3 26 47 20 34, 8e 3 3e0
CL.1347+21 3C291 13 47.3 o2 21 28 11 62 8 12 Teb
CL1350+31 3C€293 13 5042 «2 31 36 13 44, 6o 9 Te7
CL1351+32 NPC 13 51.9 ol 32 08 27 23 To 8 6¢9
CL1352+16 3C29301 13 5245 22 16 38 14 504 Te 10 Beb
CL13544+39 4C39441 13 5442 3 39 44 19 31 ) 22 1940
CL1354+32 4C32646 13 5446 3 32 29 21 29 Te 10 Sels
CL1354+19 4C19e44 13 54,.8 2 19 53 16 37 Te 23 18,1
CL1404+34 3C294 14 0468 2 34 22 10 694 Te 12 6¢5
CL1405+23 4C23 436+ 14 D549 2 23 43 15 39, 6o 28 149
. 4024430
CL1408+17 4C17457 14 0840 2 17 50 15 43, 10 8 Te7
CL1408+31 4C3le44 14 0840 «3 31 49 23 26 Ts 11 8e&
CL1409+52 3C295 14 0946 3 52 31 14 T2 100 9 Te2
CL1412+08 4C08441 14 1242 3 08 19 29 36 10 8 S5e4
CL1415+35 4C36425 14 1540 3 35 53 25 25 Te 10 Te?
CL1415+48 4C48,638 14 1540 3 48 26 17 37 Te 15 1540
CL1416+06 3298 14 1647 2 N6 55 21 53, 1le 14 11.6
CL1417+27 4C2T7.28 14 1748 3 27 04 22 28 Te 14 113
CL1420+20 3C300 14 2067 o1 20 03 8 96 8 23 157
CL1422+26 4C2T429+ 14 2240 82 26 53 18 33, Te 8 6e2
: VR02%1401
CL1422+20 4C20633 14 2246 «2 20 34 14 46, 6o 15 1160
CL1423+24 4C24631 14 23.6 02 24 20 12 54, Te 16 11.7
CL1424+37 4C38439 14 2442 2 37 59 .8 88, 9e 9 Te0
CL1424+27 4C27630 14 2446 3 27 10 17 36 Ge 20 161
CL1433+31 3C301 14 33,2 «2 31 52 19 30, 6 9 840
CL1437+43 4C42 439 14 37,7 +3 43 00 19 32 6o 10 et
CL1441+52 3C303 14 41,3 3 52 20 15 50, 10. 13 12e2
CL1443+44 4Ch44 423 14 43,0 b 44 12 22 27 Te 3 30
CL1443423 4C23439 14 43,4 o2 23 50 17 34, 6e 17 11.9
CL1443+56 4C56022 14 43,44 5 56 24 20 45, 11l. &4 460
CLl446+44 4Ch44 424 14 4664 «3 44 15 24 260 Ta 11 - 11.0
CL1446+21 4C20634+ 14 46,8 a2 21 08 17 37. e 17 1265
' 4C21 443
CL1447+40 4C40633 14 47,5 24 40 02 25 256 s 16 15.0
CL1450+39 4C39.42 14 505 3 39 33 24 260 Te 10 1060
CL14544+27 NPC 14 54,8 3 27 32 19 33, Te 8 Te2 (C)
ClLL1455+28 4C28.38 14 5549 02 28 52 18 33, Te 6 60
CcL1458+21 4C21ls44 14 58,1 02 21 37 13 54, e 8 Te2
CL1502+26 3€310 15 02.9 el 26 15 6 382, 3l 18 87
CL1508+07 3C313 15 08.8 02 07 50 12 91, 11, 19 1466
CL1510+45 4C644 425+ 15 1062 3 45 13 17 36 6’ 12 Se7
4C45629
CL1511+26 3C315 15 11.7 22 26 16 8 133, 9e 17 8el
CL1513+36 4C37643 15 1354 2 36 59 15 38e 6s 9 960
CL1514+07 3C317 15 1444 sl 07 20 8 232 15, 24 1662
CL1517+20 3C318 15 17466 82 20 34 21 31e Te 12 Tel
CL1519+07 3C31861 15 19.6 sl 07 58 8 218, 17e 17 11.2
"CL1519+51 4C51s3162 15 1967 22 51 10 14 52« Te 11 1060 E



26.3-MHz SURVEY

TasLE I(a) (continued)

943

Source Name R.A. Err Dec. Err Flux Err Nobs Sumwt Remark
CL1522+54 3C319 15 2265 3 54 22 11 91, 9s 6 5.0
CL1529+24 3C321 15 2946 ol 24 23 8 107+ 8e 30 18a7
CL1529+35 3C320 15 297 3 35 41 13 45, 8e 5 Le3
CL1530+41 NPC 15 3042 e 3 41 05 20 30 Te 15 10e2
CL1545+21 3C323.1 15 45,6 o2 21 03 13 49 Te 15 1243
CL1546+48 4C48439 15 4646 X 48 51 20 33 Te 10 1060
CL1547+30 4C30429 15 474 e2 30 46 11 56 Te 6 340
CL1547+21 3C324 15 477 «2 21 32 11 63 Te 14 1260
CL1549+33 4C33636+ 15 49,3 3 23 51 17 24 Te 9 Te7

4C33437
CL1549+20 3C326 15 49,8 2 20 16 10 67 Te 17 1lle4
CL1553+20 3C32661 15 53,9 .2 20 28 19 32, R 13 8e9
CL1555+43 4C43e35 15 5562 22 43 07 14 4be Te 15 lbe4
CL15564+27 NPC 15 5644 3 27 18 20 29 8 6 640
CL1557+11 4C12e56+ 15 5740 22 11 54 19 420 8e 22 21.0.

4Cl1le51
CL1559+34 4C34443 15 59.9 3 34 30 21 28e Te 5 Gal
CL1603+24 4C24436 16 0340 3 24 43 23 26, Te 2 let
CL1603+44 4CL4 627 16 030 3 44 35 19 32 Te 9 Se0
CL1606+28 4C28640 16 0646 ¢3 28 57 19 3le 8s 8 8e0
CL1608+432 3C329 16 0845 02 32 53 12 ° 57 Te 5 3e7
CL1609+22 3C331 16 0949 2 22 31 11 57 Te 8 XY
CL1613+13 4C13457 16 1349 o2 13 04 17 43 Te 26 2462
CL1614+21 3C333 16 1447 e2 21 14 14 43, Te 6 53
CL1615+32 3C332 16 1548 02 32 23 14 42 Ga 6 5e1
CL1615+35 4C35440 16 1548 o2 35 30 13 51e To 8 5e4 (C)sE
CL1618+17 3C334 16 1844 02 17 47 9 82 Ge 7 52
CL1620+24 4C24037 16 2040 3 24 38 18 376 s 8 469
CL1622+23 3C336 16 2245 02 23 59 10 64. To 31 1445
CL1623+26 4C26448 16 23+2 o b 26 23 17 39, 6o 5 5e0
ClL.1626+28 3C341 16 2640 02 28 03 13 65 6o 9 6eb
CL1627+39 3¢338 16 2742 2 39 36 6 314, 14, 20 l4e7
CL1627T4+23 3C340 16 2746 2 23 21 14 41 Ge 27 l4eb (CQ)
CLle27+44 3C337 16 2767 2 44 22 14 620 12 12 9e6 C

- CL1l634+26 3C342 16 34,43 o b 26 41 17 34, -1 5 50

CL1635+16 4C15656 16 3547 s 3 16 09 18 45 8e [ 48
CL1641+37 3C344 16 4145 3 37 20 17 36 10. 5 47
CL1641+39 3C345 16 4166 3 39 55 17 344 6o 18 11.5
CL1648+05 30348 16 4848 ol 05 03 6 1797 97 35 22,3
CL1703+38 3C350 T17 0365 22 38 40 12 56 Te 14 9.5
CL1709+46 3C352 17 09.3 3 46 14 13 700 25 5 540 C
CL1710439 (4(03944901)17 1060 02 39 48 13 49 8e 17 1ll.1 E
CL1711+19 4C19e57 17 11.5 83 19 49 20 33 8e 6 362
CL1718+26 NPC 17 184 «2 26 34 14 44 6 9 667
CL1721+434 4C34 447 17 21,8 83 34 19 22 28a e 8 366
CL1722+51 3C356 17 2248 3 51 05 12 69, 1C. 12 8el
CL1727+32 3C357 17 27.1 s 32 19 22 39. Ge 6 26
CL1729+49 4C49629+ 17 2949 o & 49 42 15 47 Te 5 50

4C50e43
CL1732+16 4Cl16049 17 32,1 o3 16 29 25 424 9e & 4o
CL1738+28 4C27.37 17 3866 23 28 21 17 37. Ta 8 760
CL1743+26 4C26053 17 4343 3 26 14 19 32e Te 7 57
CL1749+29 4C29e53 17 49,9 3 29 55 19 35 Te 6 286
CL1752+58 4C58.34 17 52.1 oh 58 50 17 68e 17 4 267 .
.CL1802+11 3C368 18 0265 62 11l 04 11 96 10. 13 T4
CL1806+48 4CLB 4G5 18 06s6 02 48 33 9 94 s 17 11.8
CL1806+33 3C370 18 0667 3 33 0C 18 39 6e 7 361
CL1810+26 4C26055 18 10.3 02 26 24 9 T4e Te la 8.9
CL1828+48 3C380 18 2843 e3 48 44 - 7 271e 23, 18 125
CL1832+47 3(¢381 18 3261 o3 47 29 13 80« 13, 6 6.0 (C)



VINER AND ERICKSON

TaBLE I(a) (continued)

Source Name RA. Err Dec. Err Flux Err Nobs Sumwt Remark
CL1833+32 3C382 18 33,3 02 32 56 12 108 11le 13 77 E
CL1836+17 3C386 18 3643 02 17 21 12 91, 13. 7 760
CL1843445 3(¢388 18 4340 2 45 28 12 111, 19. 11 8e4& C
CL1843+10 3C390 18 43,1 o2 10 02 11 123, 19, 10 568
CL1857+13 3C394 18 573 02 13 11 10 87, 9 16 11.8
CL1937+21 4C21e53 19 3749 2 21 29 10 157, 34 18 1248 C
CL1957+40 3C405 19 577 2 40 30 05 31184, 1445, 46 3363 E
CL2012+23 3C409 20 1242 3 23 25 15 381 98e i8 Ge7 «
CL2017+29 3C410 20 177 - 02 29 41 12 170, 38 6 1e3 C
CL2048+29 CYG LOOP 20 4744 3 30 07 15 (1029.) 276 12 6¢0 CsE
CL2054+31 CYG LOOP 20 54.7 02 31 05 12 (l44s) 3le 9 6e5 CsE
CL2106+49 3C428 21 06e9 3 49 24 10 91. 12. 18 11.8 C
CL210Q9+32 4C32662 21 0946 o2 32 57 16 (58s) 13, 7 366 E
CL2117+49 3C431 21 172 o2 49 27 8 129 e 19 1247
CL2120+16 3C432 21 20.1 o2 16 55 15 42 Te 5 440
CL2121+24 3C433 21 21le4 02 24 54 6 267 16 21 1le8
CL2123+451 (3C4344,1) 21 2349 3 51 17 10 78 Te 19 14.3
CL2142+28 3C436 21 42,3 2 28 0C 8 113, 10 23 1743
CL2145+15 3C437 21 4542 3 15 20 15 46 8s 9 28
CL2153+37 3C438 21 5347 o2 37 49 6 228 12 13 840
CL2203+29 3C441 22 0348 2 29 28 11 56 Te 15 Te8
CL2243+27 4C27648 22 43,1 o2 27 33 14 4l 8e 9 Beb
CL2243+4+39 3C452 22 4344 «2 39 25 6 288 18e 19 943
CL2321+58 3C461 23 2162 3 58 26 6 46330 20730 28 2369 E
CL2336+26 3C465 23 3640 2 26 54 10 194, 23 17 1340 CsE
CL2356+27 4C27e54 23 5640 o2 27 29 19 31, 6o 9 729 (C)

tectable at the higher frequency. One such example may
be CL 04504-31 (3C131), which appears to be much
larger in angular diameter at 26.3 MHz than at 178
MHz (Bennett 1962) or at 1425 MHz (Fomalont 1967).
The structure of CL 0450431 is expected to be in the
core-halo class at 26.3 MHz because the measured
source position agrees very well with the high-frequency
position while the spectrum curves upward sharply at
very low frequencies (Roger, Bridle, and Costain 1973).

The true correction factors for partial resolution can-
not be fully determined until high-resolution measure-
ments of the brightness distributions of the sources are
made at frequencies well below 100 MHz. Once the
low-frequency angular structures are known, the cor-
rections for partial resolution can be calculated by
convolution™ of the beam pattern with the source

.structure.

A check on the limiting accuracy of the sky survey
measurements can be obtained by studying the 45 best
observed sources. Histograms of the differences
AR.A. cosd and Aé cosZ between the observed positions
and the 4C catalogue positions are plotted in Fig. 7.
On the average, the observed sources have right ascen-
sions 071 too high and declinations 4 arcmin too high.

The systematic error in right ascension is probably
due to a small chart reading error. The output charts
ran at 12 in./h so a 01 error corresponds to only
0.02 in. on this record and is easily accounted for
by some small systematic error between the time marks

and the data recording. The systematic error in declina-
tion is certainly due to a very small phase error between
the solid and the grating arrays. The rms deviations in
right ascension and declination are =40%2 and =6
arcmin, respectively, in good agreement with the values
expected for confusion and systematic errors.

In Fig. 8, two flux-density scatter histograms are
plotted for the 45 sources, one histogram for all the data
known to be affected by ionospheric scintillations, and
histogram for the rest of the data. The histograms are
plotted in terms of log1,(S/S) in order to combine the
data from all 45 sources.

Both histograms in Fig. 8 appear to be symmetrical
about 0.0, implying that the major errors affecting the
observations are in fact multiplicative as expected. It
should also be noted that the rms deviation of the
scintillated data from the mean is 459, while the devi-
ation of the rest of the data is 1879,. This provides the
justification for weighting the scintillated data by a
factor of 0.2 when averaging it with the rest of the
data. The wings seen in the histogram for ordinary data
are probably caused by undetected scintillation activity.

For weak sources, the effects of ionospheric scintilla-
tions may not be obvious from the drift curves, and we
should expect the data to have an rms scatter of about
229,. In that case, a minimum of five observations will
be necessary to define the mean flux density of a weak
source with a precision of £109,.
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B. Error Analysis

The various sources of error are discussed roughly in
order of increasing importance as follows:

(1) The temperature correction could well be in error
by 2.5% for a given observation. However, the net
error in the mean flux for several observations is ex-
pected to be <19, ‘

(2) The maximum correction applied to a given ob-
servation due to the fact that the source is not centered
in the NS beam is 1.19, with an error of +1.89 cor-
responding to the uncertainty of 220215 in the NS beam-
width of the spaced array (Viner 1973). The mean error
for several observations at different antenna settings is
expected to be about 1%,.

(3) The maximum correction applied for time-con-

Tasie I(b). Clark Lake 26.3-MHz Sky Survey supplementary list of sources below the confusion limit, sources which may be
antenna sidelobes of strong sources, and sources for which too little data has been obtained to justify inclusion in the main list.

Source Name R.A. Err Dec. Ermr Flux Err Nobs Sumw
CL0008+32 NRAO 8 00 0845 o3 32 06 22 30 6o 8 4ol
CLO015+29 NPC 00 157 «3 29 34 26 24 Te 6 540
CLO051+31 4C30402 00 51e4 3 31 40 26 25 8e 15 108
CLO113+25 NPC 01 13e1 o4 25 16 30 220 Be 12 el
CLO140+31 NPC 01 4042 o4 31 39 29 22 Te 7 5S¢0
CLO157+24 NPC 01 5746 3 24 57 27 23 Te 2 20
CLO202+26 4C266,07 02 0249 5 26 40 22 32 be 2 AsS
CLO208+21 4C21.09 02 0846 5 21 09 15 4le e 2 2¢0
CL0216+25 NPC .02 16.8 3 25 09 21 28 6o 7 60
CL0221+27 3C 67 02 21.2 5 27 59 32 21e 8e 4 4e0
CLO230+23 NPC 02 3065 o2 23 29 16 38a 6o 17 1549
CL0302+20 NPC 03 Q2.0 b 20 19 34 22 Te 4 340
CLO308+39 4C39411 03 08,9 2 39 13 12 50 Te 12 82
CL0311+20 NPC 03 11.1 2 20 49 18 35 Te 9 6e2
CL03184+50 4C51607 03 1845 3 50 52 16 426 10. 5 540
CLO3264+57 4C5T07+ 03 2645 ol 57 09 20 45, 10, 6 60

4C56407
CL0328+24 4C24408 03 2861 3 24 59 28 30e 9e 2 20
CLO348+17 4C1 719 03 484 +5 17 23 18 40 200 2 20
CLO348+57 . 4C57.08 03 4847 o6 57 44 20 51e 13, 4 4e0
CL0350+22 (4C226006%+) 03 5063 2 22 19 16 410 6o 7 S5e4
: (4C23607 )
CL0408+16 4C17623 04 0849 2 16 35 16 40 lbe 2 200
CLO418+25 4C25014 04 1861 82 25 18 17 48 s 6 4e8
CLO428+44 -4C44G411 04 2843 °2 44 44 14 46 Se 12 T+8
CL0433+39 4C38.14 04 3367 3 39 05 13 476 Te 11 11.0
CL0O438+25 4C25415 04 3Be44 3 25 31 18 34, Te 8 Be0
CLO506+25 NPC 05 0649 2 25 14 12 51 6o 4 440
CLO507+29 4C29417 05 071 e2 29 18 14 48, e 19 154
CLO512+37 4C37013 05 12,9 3 37 53 17 36 Ge 5 560
CLO545+32 4C32.19 05 4542 ) 32 38 36 19, ‘70 5 440
‘CLO550+31 4C31.21 05 5004 3 31 34 21 28e Te 5 50
CLO553+29 (4C30.09) 05 5347 a2 29 53 20 32 Te 3 30
CLO554+35 4C35,11 05 54465 3 35 43 25 27 ¢ 8e 4 440
CL0556+25 NPC 05 5648 a2 25 02 19 31le e 3 360
CLO602+48 4C47.19 06 0269 26 48 15 36 20 8o 9 6ol
CLO60T7+30 4C29.21 06 074 03 30 02 28 22s Te 8 620
CLO613+32 4C32620 06 13,8 Py 32 13 28 23 Te 8 760
CLO615+33 {4C34024) 06 1546 «3 33 14 23 269 1Ce 2 10
CLO632+19 4C19e22 06 32.4 2 19 32 19 326 Te 11 104
CL0638+38 NPC 06 3840 ok 38 35 29 22¢ Ta 6 540
CL0658+35 4C35015 06 58a2 o4 35 38 24 26 Te 5 50
CLO722+412 NPC 07 22e¢4 82 12 10 18 420 8s 2 8
CLO742+57 4C57:14 07 4246 3 57 10 16 63 10 2 260
CL0B820+35 NPC 08 20,9 s b 36 13 29 21 Te 8 840
CLOB22+45 4Cab o 17 08 22.2 o3 45 02 16 40 Te 13 60
CL0828+37 4C37.24 08 28,5 o b 37 46 21 28 Te b 23
CLOB832+14 4Cl4427 08 3244 3 14 28 21 33, 8 6 bob
CLO836+25 4C25822 08 3662 82 25 37 19 31le 6 5 560
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TaBLE 1(b) (continued)

Source Name R.A. Err Dec. Err Flux Err Nobs Sumw
CL0852+31 NPC 08 52,3 e3 31 23 25 254 Te é 600
CLO856+17 4C17e46 08 5640 02 17 31 17 39, Te 2 260
CLO913+59 4C58418 09 13.4 Y- 59 20 25 444 11, & 440
CLO0915+22 4C22023 09 1545 2 22 51 14 b4 o Te 19 Bed
CLO917+30 NPC 09 1745 3 30 52 22 2B 7o 8 Be0
CL0923+51 4C52421 09 23.4 o4 51 53 23 30 Te & 460
CL0926+59 4C59,410 09 2649 o4 59 10 21 50 13, 4 400
CLO940+28 4C28423 09 4046 «3 28 56 28 23, Te 19 1740
CLO941+51 NPC 09 4la4 5 51 09 33 23, 8e 9 860
CLDO944+62 4C62¢13s2 09 44,8 5 62 14 24 6le 14 5 3.8
CL0951+21 4C21e26 09 5143 +2 21 38 17 43, 6o 10 6e2
CLO0952+35 4C35421 09 5249 5 35 24 35 19, Te 6 366
CL1004+13 (4C13441) 10 Q4a2 2 13 05 20 37a 8s 3 360
CL1008+21 4C21e27 10 0845 o2 21 28 15 40 9 7 3e6
CL1008+32 NPC 10 0848 ol 32 22 28 220 Te 11 100
CL1011+53 4C54420 10 1146 ok 53 50 23 34, 8e 4 let
CL1017+48 4C48429 10 1748 3 48 44 17 37 Te 13 1243
CL1018+35 4C37627 10 1846 «5 36 59 31 20 8e 3 3.0
CL1036+36 4C36417 10 3645 5 36 12 36 19, Te 8 Te0
CL1037+46 (4C4T7432) 10 37.1 «3 46 49 21 31 Te 5 50
CL1049+50 NPC 10 4940 5 50 56 27 25 Te 9 840
CL1049+34 4C34,433 10 49.3 'y 34 08 29 21 Te 5 1¢9
CL1054+49 NPC 10 5443 b 49 06 38 19. Be 12 1043
CL1055+31 NPC 10 550 5 31 37 40 17 8e 9 Teb
CL1059+35 4C35424 10 5947 b 35 13 29 226 Te &4 3e0
CL1110+43 4C43421 11 1062 s 2 43 51 15 41a 6o 10 8e2
CL1112+54 4C54423 11 1241 3 54 56 19 40 8 3 20
CL1113+52 NPC 11 1347 o2 52 52 16 51e 11. 5 40
CL1114+27 (4C26431) 11 1440 3 27 02 25 25 To 4 440
CL1118+19 4C19637 11 1845 3 19 39 22 28 Te 7 Seb
ClL1133+25 4C26432+ 11 3345 3 25 43 23 27« e 8 66

] 4C24024
CL1139+27 NPC 11 3942 X 27 27 27 23 Te 3 3e0
CL1139+23 4C23628 11 3944 22 23 16 13 48, 6 21 943
CL1141+47 NPC 11 4145 3 47 36 20 35, bo 10 90
CL1142+37 4C37432 11 4262 «3 37 20 22 28 Te 7 60
CL1149+38 4C38431 11 4943 Py 38 41 29 220 Te 12 10e2
CL1153+40 NPC 11 5346 ol 40 39 26 244 Te 14 140
CL1154+31 4C31438 11 54,0 3 31 49 24 254 Te 7 Se&
CL1158+34 4C34436 11 5844 5 34 49 35 19, Te 6 4e7
CL1201+31 4C30e24 12 01.0 3 31 18 21 28, s 9 Tel
CL1205+35 4C35427 12 0566 o7 35 17 44 16, 8 5 3eds
CL1245+32 4C32441 12 45,40 e3 32 20 26 25, Te 6 540
CL1313+39 NPC 13 13,1 o4 39 08 32 200 Te 12 110
CL1332+32 NPC 13 3245 e5 32 03 39 17. 8e 4 4e0
CL1338+29 4C28633 13 3845 3 29 10 21 28, Te 9 8e7
CL1340+35 4C35630 13 4063 5 35 21 31 20 Te 6 4e7
CL1357+27 4C2643+ 13 5764 3 27 10 22 27 Te 7 60

4C27627
CL1359+41 NPC 13 59.7 e b 41 52 26 24, Te 6 60
CL1403+20 " 4C20632 14 03.2 3 20 53 17 35, 6o 2 20
CL1439+35 4C35633 14 39,3 3 35 45 23 276 Ts 4 203
CL1456+25 (4C25647) 14 5662 o2 25 25 19 32, Bs 6 263
CL1521+28 4C2Te31+ 15 21e3 02 28 02 21 31le Te 9 90

4C28039
CL1540+34 4C34 4,42 15 40,1 85 34 14 29 226 Te [} 50
CL1553+24 4C24 435 15 5341 Y] 24 25 15 42, 6s 9 6el
CL15564+35 4C35,39 15 560 o b 35 54 28 23, Te 6 4o 7
CL1654+25 4C25449 16 5443 83 25 10 20 30e 6e 2 e9
CL1720+07 4C07a45 17 2065 ol 07 21 22 51 11l. 7 501
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TasLE I(b) (continued)

Source Name R.A. Err Dec. Err Flux Err Nobs Sumw
CL1721+31 NPC 17 21.1 o bt 31 41 19 31e e 5 3e2
CL1729+26 4C26652 17 29%9e4 3 26 19 18 34, 6s 7 6¢0
CL1734+40 NPC 17 3449 o3 40 40 20 30 6e 12 Te2
CL1741+49 4C48442 17 41el o4 49 21 18 39, 8e 5 540
CL1745+18 NPC 17 4569 o2 18 35 19 38, 7o 4 440
CL1749+25 4C25452 17 4946 o3 25 48 17 374 6o 5 Gok
CL1753+57 NPC 17 53a2 o & 57 24 21 454 10 4 440
CL1809+40 4C40436 18 0946 o2 40 47 17 56 10. 2 led
CL1817+5%0 4C50444 18 1746 o4 50 32 13 54 9 8 760
CL1819+24 4C24 645 18 19.8 3 24 57 16 43, 6o 5 340
CL1855+35 NPC 18 5546 3 35 29 12 486 Te &4 440
CL1855+52 4C52644 18 5546 5 52 42 16 474 Te 3 1e0
CL2051+26 4C26458 20 5145 3 26 01 13 45, Te 7 Selt
CL2106+21 (4C21458) 21 0640 ol 21 33 12 51, e 5 540
CL2115+18 4C18462 21 1549 3 18 00 18 43, 10, 3 340

stant smoothing of source deflections was 1.0790.025
for a point source at a declination of 3°. For extended
sources and sources at higher declinations, the correction
and its uncertainty decrease inversely as the square of
the drift curve width. The uncertainties in the correc-
tions for transit time and source width were generally
less than the systematic measuring errors in those
parameters.

(4) Since accurate measurements of the angular size
of radio sources have not been performed at low radio
frequencies, the suggested corrections for partial resolu-
tion could be seriously in error. That error will generally
be in the sense that the adopted correction was too
small.

(5) The ionospheric absorption correction could be in

“error by as much as 109, for a given daytime observa-
tion. Although the data taken during the daytime was
given low weight, systematic errors could arise if many
of the data points for a given source were obtained dur-
ing the day.

(6) The statistical scatter among the observations of
a given source will include the random parts of the
errors discussed above, as well as the effects of slow
ionospheric scintillations and any intrinsic variability
that may exist in the source. As derived above, the
error in the mean flux density of a given source due to
random scatter is expected to be about 22/4/NY, for a
series of NV observations.

(7) Confusion errors are a function of source intensity
and dominate the sources of error for weak radio sources,
while systematic measuring errors are generally sig-
nificant only for the strongest radio sources and for
measurements of right ascension. Both effects are com-
bined in Fig. 9, in which, following the analysis of
von Hoerner (1961), the errors in flux density and
position are plotted as a function of source strength
relative to the confusion limit Sy,

Sources confused with sidelobes or with nearby
sources of comparable strength will have larger errors

than those indicated by Fig. 9 and must be considered
on an individual basis. .

(8) The uncertainty in the calibration of the gain-
versus-zenith-distance dependence of the arrays can
yield errors of 4107,

IV. LOW-FREQUENCY FLUX SCALES

A. The Absolute Calibration of this Survey

Paper I (Viner 1975) discussed the absolute calibra-
tion of the fluxes of 3C144, 274, 405, and 461. The flux
scale of this survey was adjusted to agree, on the aver-

~L 1 ) I 1 1
-06 -04 -02 0 0.2 0.4 06
ARA COS B e
15
b
L
1 1 L s
-20 -10 o] o 20

08 COS 7 —a

F16. 7. Histograms of differences between the sky survey posi-
tions of sources and those given by the 4C catalogue: (a) differ-
ences in right ascension in minutes of time, normalized to the
equator (§=0), and (b) differences in declination in minutes of
arc, normalized to the zenith (Z=0).
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age, with these absolute measurements. The average
ratio of the fluxes of the four sources given in PaperIto

VINER AND ERICKSON

those given in Table I(a) is 1.00£3%,.

B. General Considerations

Radio source flux scales have been quite uncertain at
low frequencies. The CKL (Conway, Kellermann, and

Long 1963) scale, based upon Cambridge 178- and
38-MHz data, is widely believed to be too low by 109~
40%,. Various data are inconsistent and some flux scales
are apparently nonlinear with source intensity (Scott
and Shakeshaft 1971). In their comprehensive study
Kellermann, Pauliny-Toth, and Williams (1969) (here-
after referred to as KPW) acknowledged these problems
but felt that the situation was too uncertain to justify

TasLE I(c). Upper limits to the flux densities of 3CR sources that were not detected in the survey.

Source name - RA. Dec. Flux limit Nobs Sumwt
3C 11.1 00 2649 63 44 »1870 3 3060
3C l4el 00 33,3 58 39 316, 8 8.0
3C 49 01 38«5 13 39 504 3 le4
3C 65 02 2046 39 48 680 23 187
3C105 04 0408 03 33 TTe 4 304
3C119 04 29.1 41 32 38 21 2047
3C138 05 1843 16 36 55 7 663
3C139.1 05 1944 34 00 31, 8 648
3C152 06 0le5 20 22 476 12 9e5
3C153.1 06 0667 21 12 68 14 9.8
3C175.1 07 11.2 14 40 43 8 Te2
3C222 09 3349 4 36 73 6 4.
3C241 10 19.1 22 14 240 18 1761
3C257 11 2066 05 45 51 12 1045
3C258 11 2262 19 32 32 14 104
3C272.1 1o 2245 13 02 361 13 1440
3C275.1 12 41a5 le 39 98e 6 52
3C277.1 12 503 56 48 47 8 8s0
3C288.1 13 4065 60 37 620 14 9el
3C296 14 l4e4 08 31 61 8 606
3C299 14 19.1 42 00 376 8 B8s0
3C322 15 3348 55 46 92, 3 340
3C323 15 4048 60 25 102, 6 540
3C325 15 4962 62 50 128, 5 42
3C343 16 3440 62 53 700 6 265
3C343.1 16 3749 62 41 8l 6 2e¢5
3C346 16 4le6 17 20 bbo 4 3e2
3C349 16 5841 47 07 854 10 1000
3¢351 17 04.1 60 48 79 10 Te2
3C396 19 0le6 05 21 131. 12 1240
3C397 19 05.1 07 04 105, 12 1le2
3C398 19 0867 09 00 109, 11 110
3C39%.1 19 14.0 30 13 Gle 9 31
3C399.2 19 1547 10 36 1200 4 460
3C40001 19 2267 3% 17 125, 10 7e0
3C40062 16 3665 17 24 88, 3 le3
3C401 19 39.6 60 34 256 13 13.0
3C402 19 40.4 50 29 230 12 1240
3C410,.1 20 19.6 40 06 577 11 563
3C411 20 19.7 09 53 143, 6 6e0
3C415.1 20 311 43 18 256, 10 4e0
3C415.2 20 31,4 53 32 153, 15 1402
3C416.1 20 3364 46 52 106« 8 Teb
3C416.2 20 3440 41 33 343, 7 266
3C418 20 37,1 51 08 121, 9 8s2
3C419.1 20 39,1 42 06 188e 6 203
3C424 20 4567 06 50 108, 13 985
3C430 21 1740 60 35 254, 9 90
3C434 21 20s9 15 35 460 6 428
3C435 21 2646 07 20 85 10 79
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TasLE I(c) (continued)

Source name R.A. Dec Flux limit Nobs Sumwt
3C437.1 21 48.5 13 47 67 6 407
3C442 22 1269 13 35 123, 7 4o
3C449 22 2961 39 03 100. 6 440
3Ca454 22 49.1 18 32 98 5 4e2
3C45403 22 5165 15 54 252 9 6eb
3C455 22 5246 12 54 113. 4 3.0
3C456 23 09.9 . 09 03 362 10 8e2
3C458 23 1003 05 00 517 11 9e¢8
3C460 23 1940 23 32 425 13 1le2
3C470 23 5640 43 47 163, 6 261
Notes to Table I

CL0134+-32 [3C48]: Flux density appears low by comparison
with Williams et al. (1966) at 38 MHz and Roger e al. (1969) at
22 MHz. The explanation may lie in different degrees of confusion
produced in the three dissimilar beam shapes.

CL02204-42 [3C66]: Component No. 3 in Macdonald e dl.
(1966) has not been detected at 26.3 MHz despite a rather steep
high-frequency spectrum. The possibility of a turnover in the
spectrum of this component is supported by the small (<10
arcsec) angular size measured by Macdonald ef al.

CL03144-41 [3C83.1B]: Well resolved from 3C84. On the basis
of the measured position, the source seen here is component B of
Ryle and Windram (1968) ; a double source with an elongated halo
of about 3-arcmin extent EW. Neither component A nor 1C310
were seen at 26.3 MHz to a limit of about 70 Jy. The spectrum
of 3C83.1B becomes steeper at low frequencies, indicating that
the halo probably has a steep spectrum and dominates at low
frequencies.

CL0316+41 [3C84]: Low-frequency spectrum is dominated by
a 6-arcmin halo (Ryle and Windram 1968) with spectral index
a=14. The 30'X10’ extended halo discussed by Ryle and
Windram was not detected, to a flux limit of 150 Jy (integrated).

CL0324+-55 [3C86]: Individual components not resolved.

CL0346+43 [4C34.15]: WKB (Williams et al. 1966) flux is
quoted as sum of 4C33.08 and 4C34.15. Source 4C33.08 is not
detected at 26.3 MHz with greater EW resolution.

CLO425+4-54 [4C54.067: WKB flux is sum of 4C54.06 and
4(55.08. Source 4C55.08 is not detected at 26.3 MHz.

CLO445+-44 [3C129/129.17: Individual components not re-
solved (see Table II). .

CL0450-+31 [3C1317: Spectrum becomes steeper below 40
MHz. Previously undetected 11-arcmin halo is reported.in this
paper (see Table IT).

So%gzﬂ +22 [3C144]: Tau A. Spectrum becomes steeper below

CL0538+-48 [3C147/4C47.16]: Sources are resolved by WKB.
Confusion by Tau A sidelobes prevents resolution of sources at
26.3 MHz.

CL0614+-22 [3C157]: 1C443. Extended source with stronger
emission on high right ascension (eastern) side as seen at high
frequencies (see Table II).

CL0840+4-29 [4C29.31]: Spectrum turns up steeply below 50
MHz with spectral index a=~1.8.

revision of the CKL scale in the 38-750-MHz range.
There have now been several major surveys at fre-
quencies below 30 MHz, and the situation is somewhat
clarified.

In the comparison of flux scales presented below, it is
important to specify carefully the criteria used in select-
ing the sources used as calibrators. Unfortunately, the
errors involved in the measurement of any one source
are too large to permit the use of only a few sources for
intercomparison. If only a few of the strongest sources
were used this would minimize statistical errors but

CL0854+09 [4C09.32]: Spectrum may become steeper below
40 MH:z.

CL0922+- 14 [4C14.317]: Previously undetected 14-arcmin halo
is reported in this paper (see Table II). Source may be associated
with Abell 795 cluster of galaxies.

CL0938+-39[3C223.1]: Our flux is very high compared with
WEKB flux and KPW spectrum. 86-MHz flux (Artyukh ef al. 1969)
is also far above KPW spectrum.

CL1216+-06 [ 3C270]: Source size at 26.3 MHz is significantly
larger than at 960 or 1400 MHz, indicating possible halo structure
(see Table II).

CL12564-28 [Coma CJ: Extended source with two major
components at 26.3 MHz (see Table II).

CL1409+52 [3C295]: Spectrum turns over at ~60 MHz.
Braude et al. (1969a) report an extended (1°) halo with steep
spectrum below 25 MHz, possibly confirmed by Roger et al. (1973)
at 22 MHz. Flux density of halo at 26.3 MHz must be <100 Jy.

CL1416+406 [3C2987: Spectrum turns over at ~60 MHz.
Braude ef al. (1969a) report an extended (1°) halo with steep
spectrum below 25 MHz, confirmed by Roger et al. (1969). Halo
not seen at 26.3 MHz, to flux limit of 150 Jy (integrated).

CL1519+4-07 [3C318.1]: A steep-spectrum source, with spectral
index a=1.5 and increasing with frequency. From sky survey
data, EW source size is <5 arcmin.

CL16484-05 [3C3487]: Her A. Our flux appears to be anoma-
lously low by 259, when compared with all other observers. We
can find no simple explanation for this fact.

3CL-1957+40 [3C40573: Cyg A. Spectrum turns over at about
23 MHz.

CL2047 430 and CL2054431 [Cyg Loop]: Extended source
confused by sidelobes of Cyg A. Western component is very broad
and double peaked. Eastern component is more compact and is
not linked to western component by an emission bridge. General
appearance agrees with high-frequency data (see Table II).

CL23214-58 [3C461]: Cas A, epoch 1967.8. Spectrum turns
over at about 20 MHz.

CL2336+26 [3C465]: Component No. 6 in Macdonald & al.
(1966) has probably not béen detected at 26.3 MHz despite a
steep high-frequency spectral index (e=1.5 from 408 to 1407
MHz).

most of the strongest sources have curved spectra and
have such large angular sizes that they are partly re-
solved by some of the instruments. Flux-scale non-
linearity in some of the surveys would also seriously
confuse the situation. It has been suggested by many
authors that Cas A should be used as a primary stan-
dard but it is one of the worst possible choices at deca-
meter wavelengths. It suffers from all of the problems
mentioned above and, in addition, there is evidence that
it may be randomly variable at low frequencies (Braude
et al. 1969b; Erickson and Perley 1975).
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TasLe I1. Extended sources listed in the sky survey.

Struc- Adopted
W—Ws Measured ture EW correction
Source Identification ow size class® extent Ref® factor

0022462 3C10 70005 1,2 1.06 +0.03
0107431 3C34 1.6 7543 D 05 3 1.13 +0.13
0157440 4C40.08 42 11 1.03 +0.02
0255406 3C75 1.2 9r 46/ D 1!0, 30 1,2,6 1.09 +0.08
031441 3C83.1B H 37 £17 14 1.03 +0.02
0316-+-41 3C84 2.0 70 £2/ H 6’ 1/ 14 1.10 40.05
0403430 4C30.06° 1.6 107 3 1.00 £0.05
0415437 3Ci111 1.4 57 £3/ D 30 1,5,6 1.02 +0.01

0445444 3C129/129.1 5 19+ +-1'5 C 22 1,3 2.0 +0.3
0450431 3C131 2.5 117 £2¢ <025 1,2 1.25 £0.10
0513424 3C136.1 42 10 1.04 +0.02
05314-22 3C144 <3.74 H 3!5 ved 1.02 £0.01
061422 3C157 20. 25 -1/ C 27’ 7,89 2,30 £0.15
0703442 4C42.23 C 42 10 1.03 +0.02

074555 4C56.16 3.8 177 22+ D 7, 170 10 2.2 0.3
0904+4-41 4C41.19 47 10 1.04 2-0.02
0922414 4C14.31 2.4 147 43/ 2 11 1.35 +0.15
1107437 4C37.29 C 52 10 1.05 +0.03
1153455 . 4C55.22 C 3'8 10,11 1.03 £0.02

1216406 - 3C270 2.9 10/ +1!5 D 2!5, 5/ 1,6 1.2 +0.1
1228412 3C274 1.5 6 42/ H 6.5 £0!5 ...d 1.078+:0.024

3.54 5!9:4-0794

12564-28 Coma C 6.5 28 43/ C 32 12 2.8 +0.4
1327447 4C46.36.1 6.5 11 1.09 +0.05
15194-51 4C51.31.2 . 4'3 11 1.03 +0.02
161535 4C35.40 C 57 10 1.06 +0.03
17104-39 (4C39.49.1) 58 1 1.07 +£0.04
1833432 3C382 1.3 71525 D 10, 13 1,3 1.07 +0.06
;(9)2;1-38 3C405 1.74 43{2:1:1{2'3 ]8 8.(2){05 13;4 ggZ :!:8.01

10 " 4 ’ , .5 2.

2054+31 Cygnus Loop 1.7 12+ +3/ C 17 13,14 1.5 0.2
21094-32 4C32.62 2 167 £3/ 1.60 +0.25
2321458 3C461 1.8 4/04-1/8d 411 veed 1.045+-0.030
2336426 3C465 D 7 1,3 1.05 +-0.03

* D: Double source. 7. Hogg 1964. 11, Caswell and Crowther 1969.

H: Core-halo source.
C: Complex brightness distribution.
b 1. Fomalont 1967. 4. Ryle and Windram 1968.
2. Bennett 1962. 5. Mackay 1969.
3. MacDonald et al. 1968. 6. Moffet and Maltby 1962.

It is no surprise to find that the factors that we de-
termine for intercalibrating the various flux scales are
sensitive to the criteria used in selecting the standard
sources, so in every case we have used as large a number
of sources as possible considering spectral curvature,
partial resolution, and confusion. This means that we
cannot use a single list of calibration sources for inter-
comparison of all surveys for when we combine these
criteria with the sky coverage, the flux ranges, and the
sidelobe confusion of the different instruments, we are
left with too few sources for reliable intercomparison.
Therefore, we have used similar criteria for selecting the
sources to be used in comparing our flux scale with each
of the others but then have used all sources common to
the two surveys which satisfy these criteria.

12. Willson 1970.
13. Kundu and Velusamy 1967.
14. Kundu 1969.

8. Colla et al. 1971,
9. Kundu and Velusamy 1969.
10. Bridle et al. 1972.
"¢ Confused by 4C29.11.
4 From absolute measurements (Viner 1973; 1975).

C. Comparison with KPW Scale

It is of interest to compare the absolute flux measure-
ments in Paper I of the four strongest sources (3C144,
3C274, 3C405, 3C461) with the fluxes obtained by
extrapolating the 38-MHz data to 26.3 MHz according
to the KPW spectral indices. Better estimates of the
low-frequency spectral indices, such as those given by
Roger, Bridle, and Costain (1973), do not appreciably
alter the result. For these sources we find a correction
factor of only 1.0240.04 is needed to adjust KPW
fluxes to our scale. Therefore, the scales agree as best
they can be determined for these strong sources
(Scr>2000 Jy at 26.3 MHz). However, for the reasons
given in the preceding section calibration with these
strong sources should not be considered very reliable.
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Fic. 8. Histograms of the scatter of each
observation about the mean flux density of
the source § for 45 sources: (a) data not ob-
viously affected by ionospheric scintillations,
and (b) data seen to be affected by iono-
spheric scintillations.
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KPW provides a list of suggested calibration sources. we find a correction factor of
This is not an optimum selection of sources for us be-
cause Roger, Bridle, and Costain (1973) find that the Scr
spectra of many of them curve at decametric wave- ( )=1.11:+:0.03, 2000> Scu> 50 Jy,
lengths and several require significant resolution cor- \Skrw
rections. However, calibration based upon the KPW 51 sources.

calibrators found in Table I yields a correction factor of

Sci
( )= 1.15+0.10, 14 sources.
KPW:

A more reliable intercomparison can be obtained by
predicting the 26.3-MHz fluxes of a much larger sample
of KPW sources and comparing them with the deter-
minations presented here. Fifty sources, common to the
two lists, were selected under the following criteria:

(1) KPW find a straight (S) spectrum.

(2) The Clark Lake flux given in Table I must be
greater than 50 Jy. (This is true for most KPW
sources and the inclusion of the dozen weaker
sources does not modify the results.)

(3) There is no evidence of confusion or partial

resolution.

These criteria eliminate the four strongest sources and

The linearity of the flux scales can be assessed by
dividing the sources into two groups, those for which
Sc1>100 Jy and those for which Scr, <100 Jy. These
groups yield identical results:

SoL
( )=1.11:b0.04, 2000> Sox.> 100 Jy,
Skrw

15 sources,

and

Scr
)=1.11:l:0.05, 100> Sc1>50 Jy,
Skrw
36 sources.

These factors differ only slightly from the one found
above in the Scr,>2000-Jy range, so we do not find as
large a nonlinearity in the KPW scale as that found at
81.5 MHz by Scott and Shakeshaft (1971).
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Fic. 9. Sky survey position and flux-density errors due to
confusion and systematic measuring errors, as a function of the
ratio of source flux density S to confusion limit Sy: (a) error in
right ascension in minutes of time, normalized to the celestial
equator, (b) error in declination in minutes of arc, normalized to
the zenith, and (c) percent error in measured flux density.

As a final check on the validity of these results, we
have made a similar calculation with the additional
source selection criterion that Roger, Bridle, and
Costain (1973) must find an S-type spectrum and we
have used their determinations of spectral index. For
the 22 sources satisfying this criterion, we find
(Scr/Skpw)=1.0740.06. This ratio does not signifi-
cantly differ from those given above.

In summary, it appears that the KPW scale should
be raised by 11% at 26.3 MHz to agree with our Clark
Lake flux scale and that the KPW scale is linear to
about 109, at decametric wavelengths.

VINER AND ERICKSON

D. Comparison with the Penticton Flux Scale

The Penticton arrays have been used to produce two
radio source catalogues, one at 10.03 MHz (Bridle and
Purton 1968) and one at 22.25 MHz (Roger, Costain,
and Lacey 1969; hereafter referred to as RCL). These
data have been interpreted by Roger, Bridle, and
Costain (1973, hereafter referred to as RBC), who de-
rive low-frequency radio spectra for 226 sources and
also provide new or revised data on a number of sources.
RBC suggest ten well-measured calibration sources, but
after elimination of those that are outside our declina-
tion range or which we partly resolve, too few sources
remain for accurate flux-scale comparison. Therefore,
we base a comparison on all those sources common to
the two catalogues and have used RBC spectral indices

" to convert the 22.25-MHz data to 26.3 MHz. These

frequencies are close enough that it is unnecessary to
require that the comparison sources have straight
spectra. However, a separate comparison was made im-
posing this additional restriction and the results were
essentially unaltered. We eliminate all sources that are
resolved or confused in either catalogue and correct the
RCL fluxes by the factor of 1.15 suggested by RBC.
The following correction factors are found:

ScL
(-): 1.00-0.06, Scx>2000 Jy,

4 sources,
Se

Sew
(—5—) =1.04-£0.04, 2000>Sc1>100 Jy, 34 sources,
P

Sew
(E_) = 1.07;1:0.04, 100> Sc1.> 350 Jy, 23 sources.
P

Thus, the Clark Lake and Penticton flux scales agree
well for Sc.>50 Jy but we did find that significant
nonlinearity appears below this flux level where the
average flux ratio appears to drop by 20%. This flux
level is near the resolution limit of the Penticton instru-
ment. Near the flux limit of almost any survey there is
a well-known tendency to catalogue those sources which

"are overestimated and to discriminate against those that

are underestimated. Since Clark Lake instrument has
considerably higher angular resolution, our survey may
be expected to go somewhat deeper before this effect
occurs. The agreement is excellent and the overall cor-
rection factor turns out to be

Scr\
E—— =1.05£0.02, Sci.>50 Jy, 62 sources.
P

In many cases RCL indicate the presence of confusing
sources. None of the sources for which there was a
confusing source present were used in the calculation
of the factor given above. A similar calculation for these
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sources above yields a factor of 0.914-0.06 (39 sources).
Therefore, the presence of a confusing source does ap-
pear to cause an overestimation of the flux in the
Penticton survey. If both sets of sources were used, the
correction factor would be precisely unity. This illus-
trates the degree of sensitivity of this procedure to
comparison source selection.

E. Comparison with the Grakovo Flux Scale

Two catalogues of source fluxes have been produced
with the UTR-1 telescope at Grakovo (Braude e! al.
1969a, 1970a). We extrapolate the Grakovo 25-MHz
fluxes to 26.3 MHz for comparison with our data.
These frequencies are so close that the spectral index
of each source is unimportant but those given in
the Grakovo catalogues were used. A strong nonlinearity
is found, so the average ratio between Clark Lake and
Grakovo fluxes is given for several flux ranges:

Sc
(———) =0.88+0.05, Sci.>2000 Jy, 4 sources,

Sa

ScL
(—-———) =0.94-40.07, 2000>Sc1.>200 Jy, 10 sources,

Sa

SoL
———)=0.76:i:0.06, 200> Sc1> 100 Jy,

14 sources,
Sa

Scw
—S——) =0.6740.05, 100> Sc1>50 Jy,
G .

26 sources.

Our present flux scale is quite linear with respect to
the KPW scale, the Penticton scale, and our old scale
(Erickson and Cronyn 1965). Therefore, these data sug-
gest strongly that the Grakovo scale is nonlinear. A
similar conclusion was reached by RBC. The Grakovo
data have been extensively interpreted (Braude et al.
1969b, 1970a, 1970b) and used to recalibrate other flux
scales. The conclusions reached in these papers should
be carefully reexamined from the standpoint of this
apparent nonlinearity.

V. CONCLUSIONS

The Clark Lake radio source survey reported in this
paper has been carefully calibrated and should define
low-frequency flux scales quite reliably. We now have
two decametric surveys, the Penticton and Clark Lake
surveys, which agree with each other very well. Also,
both of these surveys are in reasonable agreement with
the Williams, Kenderdine, and Baldwin (1966) survey
at 38 MHz. We suggest that the 38-MHz fluxes should
be raised by 119, while the Penticton group (Roger,
Bridle, and Costain 1973) suggest an 189, correction
factor. The difference between these correction factors
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is apparently due to different selections of intercom-
parison sources and the possible inclusion of some com-
parison sources that are confused by the Penticton
instrument. In any event, if the 38-MHz fluxes were
raised uniformly by about 15%,, all three surveys would
be in excellent agreement. :
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ABSTRACT

The secular decrease in the flux of the supernova remnant Cassiopeia A has been measured at
many radio frequencies. We present new observations that indicate that this flux decrease has halted
at 38 MHz, and that the flux is increasing at this frequency. This may indicate that a new era of
activity has begun in this object.

Subject headings: radio sources, variable — supernova remnants

I. INTRODUCTION

It is important to know the spectrum and secular variation of Cassiopeia A because this source is used as a flux
density calibrator throughout the radio spectrum. Shklovsky’s (1960) original model predicts a constant secular
decrease in flux at all frequencies. Dent, Aller, and Olsen (1974) have suggested that the spectrum of Cas A is flatten-
ing with time, and that the rate of secular decrease varies from 1.29 + 0.08 percent per annum at 81.5 MHz to
0.70 + 0.07 percent per annum at 8.0 GHz. In this letter we present evidence for an increase in flux of Cas A at
38 MHz. This would be difficult to explain under any current model.

While completing the construction of the Clark Lake Telescope (Erickson and Fisher 1974), we have been measuring
the relative fluxes of a number of sources at many frequencies throughout the 20-120 MHz operating range of the
instrument. This has been done as a systems test and to set flux-calibration standards for later use.

The initial measurements, made with the E-W arm of the array, revealed a flux ratic of Cas A to Cyg A of about
1.60 (epoch 1974.8) at 38 MHz. This is above the older value, 1.42 £ 0.04 (epoch 1966.9) derived from Parker’s
(1968) measurements at the same frequency. If we apply a 1.29 percent per annum secular decrease (Scott, Shakeshaft,
and Smith 1969) to Parker’s ratio, the flux ratio should now be 1.28 (epoch 1974.8), so our value seemed 25 percent
too high.

Parker’s careful measurements have been widely accepted and used as the basis for meter-wavelength flux scales,
so we rechecked our data using a number of different antenna and receiver configurations.

II. THE MEASUREMENTS

The array consists of fixed, vertical, log-spiral elements which receive left-circular polarized radiation. It is elec-
tronically steerable, and most of the observations were made by alternately tracking each source for several hours.
The response is modulated by the primary pattern of the fixed elements, which is approximately independent of
azimuth, and the responses due to the two sources were compared at equal zenith distances.

If the full E-W arm of 480 elements is employed, the response due to Cas A and Cyg A is tremendous; it is necessary
to attenuate the antenna outputs by about 20 db and to add random noise to these attenuated signals in order to
keep the receivers within their linear ranges. Various subarrays were formed to lower the output levels and to degrade
the angular resolution (8’ at 38 MHz) so as to avoid large corrections for partial resolution. Some observations were
also taken without tracking; grating arrays were formed with spaced elements, and the two sources were observed
in total power as they drifted through the resulting multilobed grating pattern. All of these observations, taken
between 1974.2 and 1974.8, yielded flux ratios in the range of 1.6 + 0.1. However, we feared that some undetected
azimuthal dependence of the primary gain pattern might be influencing our results; and we awaited confirmation of
the data taken with the E-W arm by data taken with the perpendicularly oriented N-S arm.

The N-S arm of the instrument was completed in mid-1974, and the most definitive data were taken in 1974 October.
E-W and N-S interferometers were formed from individual banks of 15 elements, each separated by 150 wavelengths.
Each bank of elements continuously tracked the source under observation, and sine and cosine components of the
interference pattern were simultaneously recorded. Each channel was linearly integrated, digitized, and recorded on
magnetic tape once a second. By digitally squaring and summing these sine and cosine components, a measurement
of source amplitude was obtained for each second of observation. Noise calibration signals were introduced for two
seconds each minute. Slow variations in receiver gain were monitored; no nonlinearity was detected. For each source,
the data were averaged over 1° intervals in zenith distance. Such data are shown in Figure 1. )

Data taken on different days are practically indistinguishable, but flux comparisons were always made in data
taken only a few hours apart. The shapes of the Cas A and Cyg A curves are also indistinguishable. No significant
differences have ever been found between data taken at negative or positive hour angles. However, the N-S and E-W

1.83
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Fi6. 1.—Sample data concerning the gain-zenith distance dependence of the system obtained from tracking Cyg A with E-W and N-S
interferometer combinations. Center frequency is 38.0 MHz with a 50 kHz bandwidth. In each case, only the data obtained before transit
are plotted because ionospheric scintillations cccurred after transit.

curves have slightly different shapes. Presumably this is due to a small azimuthal asymmetry in the gain pattern of
the array, which in turn is probably due to mutual interaction or partial shadowing effects between elements. The
tracks of the two sources with respect to the axis of each array are shown in Figure 2. Assuming that E-W and N-S
patterns are identical, the best way to eliminate the influence of the azimuthal asymmetry is to consider the responses
at the points where the source tracks cross, labeled points 1 and 2 in Figure 2. These points are both at a zenith
distance of 30°. If the responses of the two arrays to the two sources are given by

Ry_s1(Cas A) = Kn_gG1Scas &

Re_wai(CygA) = Ke-wGiScye a

Ry-52(Cyg A) = Kx_sGaScys 4

Rp_w2(Cas A) = Kp-wGaSces & (n

where G,; are the antenna gain factors at points 1 and 2, Kn_s g-w are combined preamplifier gain and transmission-
line attenuation factors, and Scas 4, cye a are the source fluxes. All gain factors cancel from the combination

Scasa _ [ Rn_g1 )( RE—vm)/( Rp_wa ) ( Rx._s,2 )]1’2
Scye a4 Kxn_sG/ \Kr_wG; Kg wGi/ \Kn_sG;
Rn_s IRE—W.2)1/2
. ) 2
Re_w,iRn_s,2 (2)

Combining all data taken within 2° of points 1 and 2 on 1974 October 2, 3, 15, and 16, we obtain

§CasA = 1.60 + 0.07 (epoch 19748) . (3)
Cyg A

A correction for partial resolution was applied to the responses given in equations (1). It was calculated by con-
volving the appropriate interference pattern with the Cas A and Cyg A brightness distributions given by Ryle,
Elsmore, and Neville (1965). This resolution correction was ~ 6 percent.

The error quoted above is not a standard deviation but rather a confidence level derived from estimates of the

LEN
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various systematic errors that might affect the determination. The standard deviation of the set of observations
obtained on a single day is often less than 1 percent under quiet ionospheric conditions. From day to day, data are
often reproducible to this level. On the other hand, when the ionosphere is disturbed, 10 to 20 percent deviations are
not uncommon. In addition, systematic errors in the determination of the antenna response patterns, thermal varia-
tions, and receiver calibration can all affect the results by 1 percent or more. Evaluation of these effects leads to the
~4 percent confidence level which we quote.

The relative antenna gains are given by

G:;  (Re_weRn_s.

1/2
= = = 1.12 + 0.05.
G RN—S.IRE-WJ) - 4

The consistency of these results can be checked by consideration of Cyg A drift curves such as those shown in Figure
1. These drift curves can be normalized at point 3 in Figure 2 where they cross at a zenith distance of 11°, then the
relative antenna gains at points 1 and 2 (zenith distance 30°) can be read off directly. This method yields

&

G- 1.14 + 0.02.

The agreement between the two methods of determining G1/G, lends strong support to the value of Scas o/Scye &
given in eq. (3).

A preliminary study of the frequency dependence of Scas a/Scyz 4 Was carried out. The data in Table 1 were
obtained with various array and receiver configurations.

Drift scans of the sources were also taken with the NRAO 94-m dish when it was instrumented at four metric
wavelengths. These yielded the flux ratios given in Table 2.

IIL. INTERPRETATION OF THE MEASUREMENTS

Extrapolation of the flux-density decrease determined by Scott, Shakeshaft, and Smith (1969) at 81.5 MHz to
1974.0 yields a value of Scas a/Scye o = 1.175. Similar extrapolations of Parker’s (1968) data at 152 MHz and Adgie
and Smith’s (1956) data at 210 MHz vield ratios of 1.10 and 1.25, respectively. Therefore, we see by comparison of
these extrapolations with Tables 1 and z that all data except those at 38 MHz are consistent with a constant secular
decrease in Cas A. If our data and Parker’s data are accepted at face value, they imply a secular increase in Cas A

ARRAY
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N-S ARRAY

ZENITH
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F16. 2.—The tracks of Cas A and Cyg A with respect to the N-S and E-W arrays
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TABLE 1 TABLE 2
FreQUENCY DEPENDENCE OF CASSIOPEIA A Frux RaTios oF CASSIOPEIA A
anp CyoNus A AND CYGNUs A
Frequency (MHz) Scas o/Scyg a Epoch Frequency
(MHz) Scas 4/Scys & Epoch
26.3........... 1.4 +£0.2 1974.2
38.0........... 1.60+0.07 1974.8 114, ....... 1.18+0.10 1974.0
80.0........... 1.15+0.10 1974.0,1974.2 144. ... 1.164+0.07 1974.0
121.5........... 1.15+0.10 1974.0 184........ 1.18+0.06 1974.0

236........ 1.15+0.06 1974.0

of 1.5 £ 0.6 percent per annum at 38.0 MHz between 1966.9 and 1974.8, while a combination of Adgie and Smith’s
(1956) data with Parker’s data suggests an earlier secular decrease at this frequency. Based upon various unpublished
measurements between 12 and 38 MHz taken from 1955 to 1966, Braude et al. (1969) have suggested that the flux
of Cas A may be varying randomly by about + 15 percent at 38 MHz, with no obvious secular decrease. Our measure-
ments tend to confirm this suggestion. All of the data are shown in Figure 3. It is difficuit to determine how to weight
the data quoted by Braude e/ al. (1969) because no estimation of errors was given. Our data are consistent with Viner’s
(1975) absolute flux measurements at 26.3 MHz, but the time span of these measurements is too short to confirm a
decrease or increase in flux.

How can these data be explained? (1) Perhaps Parker’s 38 MHz data are seriously in error. This seems unlikely,
and his data agree with those of Adgie and Smith at 38 MHz, as well as with many other determinations at neighbor-
ing frequencies. Even if we discard the older 38 MHz data, our flux ratio of 1.60 implies a Cas A flux of 40,800 Jy
and a spectral index between 38 and 80 MHz of —0.9 to —1.0. Thus the spectrum would now steepen sharply below
80 MHz while retaining an index of —0.77 above 80 MHz. (2) Our data were taken in left-circular polarization. If
either of the sources were strongly polarized, the anomaly might be explained. However, no polarization in either of
these sources has even been found at meter wavelengths. (3) Cyg A has decreased in flux. The compact components
of Cyg A produce less than 1 percent of its flux at meter wavelengths (Erickson ef al. 1972; Slee and Wraith 1967).
It is implausible that the large components could vary. (4) Ionospheric absorption might influence the data, but this
is unlikely because the estimated total absorption was always less than 1 percent during the measurements, and the
relative absorption should be negligible. Refractive scintillations are certainly observed, but they will not change the
average observed flux. (5) The most likely explanation is that the supernova remnant Cas A has entered a new era of
activity. The new emission would have to be generated by a new compact component (Hutton ef al. 1974), since no
such component was found by Slee and Wraith (1967). If due to synchrotron radiation, the data are consistent with
the production of an essentially monoenergetic flux of electrons with critical frequencies near 38 MHz. It seems likely
that this might be associated with optical variations (Van den Bergh and Dodd 1970) or with the compact compo-
nents mapped at centimeter wavelengths (Rosenberg 1970 q, ).

Our results need confirmation with other instruments. We are now repeating them at many frequencies between
22 and 80 MHz. Preliminary analysis of data taken in 1975 January show good agreement with the data presented
here.

Scasa’/Scyga 380 MHz

(1) ADGIE & SMITH, 1956

a4t (2) UNPUBLISHED - QUOTED BY BRAUDE, 1969
(3) PARKER, 1968
3r (4) THIS PAPER
o
-
<
T ol

+1.5+ 06 %/YEAR

-1.29 £ 0.08% /YEAR
| ! I I I I i 1 1 1 T I 1 i 1 b d o 1
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DATE

F16. 3.—A compilation of 38.0 MHz determinations of the flux ratio, Scas a/Scye 4, at various epochs compared with the 81.5 MHz of
secular decrease.
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ABSTRACT

The results and analysis of observations of pulsars, especially the Crab Nebula pulsar, taken
during a series of meter-wavelength very long baseline interferometry (VLBI) experiments are
discussed. Based on a crude 144 MHz visibility curve which is consistent with a Gaussian bright-
ness distribution, the measured visibilities at 196, 111, and 74 MHz were interpreted to yield
apparent angular diameters (at half-power) of 0703 + 0701, 0707 + 0°01, and 0718 + 001,
respectively. These sizes scale approximately as wavelength-squared, and the 74 MHz size agrees
with recent observations using interplanetary scintillation techniques.

The VLBI-measured total flux densities lie on the extrapolation from higher frequencies of
the pulsing flux densities. Variations in the total flux density up to 25 percent were observed. A lack
of fine structure other than the pulsar in the nebula is indicated by our simple visibility curves.
The pulse shapes observed with the interferometer are similar to single-dish measurements at
196 MHz but reveal a steady, nonpulsing component at 111 MHz. The ratio of pulsing to total
power was approximately equal to one-half but varied with time. No pulsing power was detected
at 74 MHz. It was found that four strong, low-dispersion pulsars were only slightly resolved.

Subject headings: pulsars — radio sources: general

I. INTRODUCTION

This is the third paper reporting on a series of meter-
wavelength very long baseline interferometry (VLBI)
experiments. Paper I presented the analysis of obser-
vations made on the supernova remnant Cassiopeia
A (Hutton et al. 1974). Paper I (Clark et al. 1975) gave
a detailed description of the experimental methods,
calibration procedures, and consistency checks; a list
of the flux densities observed for the extragalactic
sources was presented. The present paper (Paper III)
discusses the results and analysis of our observations
of pulsars, concentrating on the Crab Nebula pulsar.
Subsequent papers will consider various models and
interpretations of the results.

Briefly, the experiments began in late 1971 and
spanned 1} years. There were five two- or three-day
observing sessions monthly from 1971 November
through 1972 March, and week-long sessions in 1972
December and 1973 February. The telescopes used
were Arecibo (305 m), NRAO (92 m), and Sugar Grove
(46 m); they form two long baselines (2550 km) and
one short baseline (50 km). The observing frequencies
were 196 and 111 MHz for the five 1971-1972 experi-
ments and 111 and 74 MHz for the two 1971-1972
experiments. (See Table 1 and Fig. 1 of Paper I1.)

The Crab Nebula pulsar was the primary source in
all of the experiments. The other pulsars included four
strong, low-dispersion pulsars (PSRs 0834 406, 0950 +
08, 1133+16, and 1919+21) and four weak, high-
dispersion pulsars (PSRs 1858+ 03, 1933+17, 1946+

937

35, and 2003+ 31). The Crab Nebula pulsar will be
discussed in §1II of this paper, and the other pulsars
in § IT1.

II. CRAB NEBULA PULSAR
a) Definitions

The signal from a pulsar can be represented as either
a time-varying periodic pulse train or a time-averaged
continuous source level. The time-varying or *“ pulsing™
flux density is associated with the object called the
pulsar, while the constant time-averaged “total” flux
density is associated with the so-called *“compact
source” in the Crab Nebula. The various components
of the intensity are illustrated in Figure 1. The total
flux density, Iy, is obtained by normal processing of
the data as for a continuum source. The time-averaged
pulsing filux density, I,, and the pulse profile are
obtained by detecting each Fourier component of the
pulse shape and then adding these in a complex Fourier
sum. The algebraic difference between the total flux
density and the time average of the pulsing flux density
is the continuous or ““steady” flux density, Is. Each
of these quantities was determined for observations on
both the long and short baselines. We assumed that the
source is unresolved on the short baseline, and we
observed that it is partially resolved on the long base-
lines. Therefore, the fringe visibility is defined as the
ratio of the flux density observed with the long baseline
to that with the short baseline: y = I.z/I; where we
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I(1)

t —
Fic. 1.—Components of the total intensity of a pulsar

denote the partially resolved quantities by a subscript
R. More details on the processing procedures can be
found in the thesis by Vandenberg (1974) and the
paper by Erickson et al. (1972).

b) Total Flux Density Observations

i) Data

The average flux densities observed during each
experiment are plotted in Figure 2; Table 1 lists the

VANDENBERG ET AL.
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overall average flux densities and the fringe visibility
at each frequency. The flux densities in the table are
weighted averages, and the associated error represents
the rms deviation of the mean flux density. Figures 3
and 4 are plots of the individual-run flux densities
(3-minute averages) for 111 and 74 MHz in 1973
February. These plots comprise our ““ visibility curves®
for the compact source in the Crab Nebula. The values
for the fringe visibility shown in Figure 3 are surpris-
ingly constant in spite of the large and rapid variations
in total flux density. Figure 2 shows this phenomenon
on a yearly time scale. Some of the variation in flux
density from month to month could be due to unknown
systematic errors although the discussion of Paper II
shows that their magnitude should be less than 10
percent. The total flux density varied by up to 10 per-
cent at 111 MHz between our observing sessions in
winter 1971-1972 and winter 1972-1973, although the
fringe visibility remained about the same. The vari-
ation in total flux density is therefore probably intrinsic
to the source. Changes in the pulsing flux density of
up to a factor of 3 in a few weeks’ time are common
at 430 MHz (Rankin et al. 1974) where all of the flux
density is pulsing, while at lower frequencies the
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FiG. 2.—Total average flux density of the Crab Nebula pulsar. The error bars are the standard deviation of the data points.

The errors at 196 MHz are the same size as the points.
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TABLE 1

ToTAaL AVERAGE FLUX DENSITIES OF THE CRAB NEBULA PULSAR
(1971 November—1973 February)

Frequency (MHz) I Jy)

Number of Runs

Iz By) Number of Runs

Y
196.5........celll, 8.3+ 04 12 62 + 02 47 0.74 + 0.06
IS .o 40.5 + 0.6 66 312 +12 111 0.72 + 0.03
740. .. coiiiiina.t, 105 + 2.1 41 335+ 1.7 29 0.32 + 0.02

changes in pulsing flux density, though still apparent,
are not so drastic.

The data represented in Table 1 and Figures 2, 3,
and 4 provide only a small range of points on the
visibility curve because the sparse hour-angle coverage
allowed little foreshortening of the long baselines.
Interpretation of the measured fringe visibility for any
of the data can therefore be done only by assuming a
source brightness distribution. In a 1971 March 144
MHz VLBI experiment between Sugar Grove, Ver-
milion River, and Owens Valley Observatories, the
Crab Nebula was observed at many different hour
angles so that each baseline was foreshortened and a
crude visibility curve is available. The data points are

plotted in Figure 5. The fringe visibility scale was set
by normalizing each observed correlation coefficient
to the correlation observed on the shortest baseline.
If the apparent angular size of the Crab Nebula
pulsar is due to interstellar scattering, then we expect
the size of the scattering disk to depend on the observ-
ing frequency to some power. For certain types of
irregularity spectra, we also expect the apparent
source to have a Gaussian brightness distribution at all
frequencies. Our 144 MHz data points are consistent
with many brightness distributions, and several
visibility curves are superposed on the data of Figure 5
to illustrate this. From our data alone, we can claim
consistency with a Gaussian brightness distribution.
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Fic. 3.—Total average flux density of the Crab Nebula pulsar at 111 MHz, observed on 3 days in 1973 February. Each point

is a 3-minute average.
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TABLE 2
APPARENT ANGULAR DIAMETERS OF THE CRAB NEBULA PULSAR

Frequency (MHz) Baseline (km) Baseline (10°2) ¥y 8, (arcsec)
196.5. . vt 2550 1.7 0.74 &+ 0.06 0.03 + 0.01
1443, ... i, 2700 1.3 0.65 + 0.15 0.05 &+ 0.03
1115 e 2550 0.94 0.72 + 0.03 0.07 + 0.01

(2 X N 2550 0.63 0.32 + 0.02 0.18 + 0.01

In addition, recent observations of strong scintillations
of the compact source in the Crab Nebula by Arm-
strong et al. (1973) revealed a brightness distribution
which fits a Gaussian shape down to the noise level.
Therefore, based on the 144 MHz visibility curve and
these interplanetary scintillation (IPS) observations,
fringe visibilities observed in the later experiments
were interpreted by assuming a Gaussian source
distribution. Table 2 lists the values of the full width
at half-maximum, here called 4,, of the appareunt angular
sizes derived under this assumption.

A weighted least-squares fit to a power-law wave-
length dependence was made for the four values of 6,
in Table 2. An exponent of 2.0 + 0.4 was obtained,
which is consistent with the wavelength-squared de-
pendence found in many scattering theories. The wave-
Iength dependence of interstellar scattering is dis-
cussed in more detail by Mutel ez a!. (1974). They have
also collected many measurements of the apparent
angular size of the compact source in the Crab Nebula,
and a fit to all of the data yields a power law of
exponent 2.05 + 0.25.

ii) Spectrum

The filux densities measured at our three frequencies
(Table 1) give a spectral index of —2.9 + 0.4, which is
the same value and error quoted by Rankin et al.
(1970) from observations of the pulsar between 430
and 196 MHz. Our total flux density measurement at
196 MHz agrees with the Arecibo fiux density measure-
ment at that frequency, and our measured total flux
densities at the lower frequencies therefore lie on the
extrapolation of the spectrum of the pulsing flux
density. Figure 6 shows the spectrum of the compact
source, including pulsar, IPS, and VLBI measurements.

The usefulness of a spectral index for this source can
be questioned, however, because of the variability
observed in both the pulsing and the total flux density.
Simultaneous measurements at several frequencies
have shown there is no correlation between variations
in the pulsing power at 430 and 111 MHz on time
scales of minutes or less (Rankin et al. 1974), which
means that even the shape of the spectrum is variable,

The behavior of the pulsing flux density contrasts
with our observations of the total flux density. We
observed up to 25 percent variations in the total flux
density at 111 MHz, and no significant variations
(<15%,) at 74 MHz. This behavior also differs from
that of other pulsars which seem to be highly variable
at meter wavelengths (Huguenin, Taylor, and Helfand
1973).

iii) Small Structure in the Nebula

Several lines of evidence suggest that there could be
small-scale emission structure (other than the pulsar)
in the Crab Nebula at low frequencies. The observa-
tions of Matveenko (1968) indicate there are two com-
pact sources in the nebula. It is also possible that the
wealth of detail present in the filaments, wisps, and
continuum emission at optical wavelengths might con-
tinue to low frequencies. High-resolution maps at
centimeter wavelengths (Wilson 1972) reveal “ridges™
which are coincident with the filaments and have
spectral indices approximately equal to that of the
continuum radiation. This information hints that these
structures might also be detectable at meter wave-
lengths.

Although our coverage of the (i, v)-plane is meager,
we can draw some conclusions about small-scale emis-
sion structure in the nebula. A lack of fine structure is
indicated by our flat visibility curves at 111 and
74 MHz (Figs. 3 and 4): the fringe visibility as a func-
tion of hour angle at 111 MHz does not vary except
for noise fluctuations. Also, there is no systematic
trend in the time-delay and fringe-rate residuals which
might indicate the presence of other sources. At
74 MHz the data spans 2} hours, and again no changes
in fringe visibility or residual parameters are evident.

If there were fine structure besides the pulsar in the
nebula at our frequencies, that is, if there were many
small sources, the visibility curve should show large
fluctuations with small changes in hour angle. Except
for a fortuitous arrangement of sources we conclude
that there is no structure in the nebula on an angular
scale of the order of the fringe spacing (0?3 at 74 MHz)
or smaller. Similarly the smoothness of the short-
baseline interferometer visibility curves also indicates
a lack of structure with angular sizes smaller than 157
More extended observations at these frequencies
should be made in order to consider this problem in
more detail.

Another argument which supports the absence of
structure in the nebula is based on our observations
(presented in the next section) that all of the power at
196 MHz is contained in the pulsing component, and
that at 111 MHz the phase of the pulsar’s radiation
agrees with that of the compact source. This is evidence
that the pulsar is truly the only small object in the
nebula, because if we were observing the coherent sum
of radiation from the pulsar plus fine structure or other
compact objects, then part of the total power would
not be pulsing at 196 MHz, and the continuous radi-
ation would have a different phase from that of the
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pulsar. This is not the case, and we conclude there are
no compact objects or structure in the nebula (other
than the pulsar) stronger than ~ 10 percent of the
pulsar’s total flux density.

iv) Comparison with IPS Measurements

IPS observations of the compact source in the Crab
Nebula at 74 MHz have been reported by Armstrong
et al. (1973). They derive an angular diameter of
0”18 + 0701 at 1/e which corresponds to a half-power
diameter of 0715 and is consistent with our observa-
tions. The amount of scintillating flux density which
they quote is a factor of 2 higher than the total flux
density observed with VLBI techniques, although their
value for the flux density agrees with other IPS
observations of the compact source by Harris (1973)
and Readhead and Hewish (1974) (refer to Fig. 6).

In a more recent paper, Coles, Rickett, and Rumsey
(1974) used a new theoretical treatment of their IPS
data which removes the disagreement with our results
on the flux density of the Crab Nebula compact source.
The 74 MHz VLBI and IPS observations are thus in
agreement on the apparent diameter and total flux
density for this source. However, the application of
this same analysis to other sources produces discrep-
ancies which did not exist before between the VLBI
and IPS flux densities of many extragalactic sources.
This problem will be discussed in more detail in
another paper (cf. Resch et al. 1975).

¢) Pulsing Flux Density and Correlated Profiles
i) 196 MHz

We usually detected five Fourier components of the
pulse shape at 196 MHz in one 3-minute average (one
run). The fringe amplitudes and phases for each run
were added in a Fourier sum, interpolated, and the
resulting smooth profile was plotted. Figure 7a shows
typical pulses from the short and long baseline and
Arecibo. Both of the interferometer profiles and the
Arecibo profile are similar, and the amount of angular
resolution is small. All of the power is pulsing (I; = Ip),
and the baseline level set by the interferometer is the
same as that of the single-telescope observation. Thus
the interferometer shows no essential differences with
respect to the single-telescope profiles.
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ii) 111 MHz

At 111 MHz three Fourier components were usually
detectable in one run, although the actual number
varied from one to four with changes in the pulse shape
and level of pulsing power. At this frequency, the
pulsing and steady components contribute about
equally to the total flux density from the compact
source (Ip & Iy &~ I;/2). Thus the ratio Ip/I; is ap-
proximately equal to one-half although it was found
to vary with time. The pulse shapes are broader than
the 196 MHz pulse shapes, and they also have an
offset baseline bias and continuous nonpulsing power.
Pulses from a typical run in 1971 November are shown
in Figure 7b. The comparison Arecibo pulse has been
raised above the baseline to coincide with the short-
baseline interferometer pulse. The value of I is taken
as the minimum of the pulse profile, and 7, is calculated
as I = Ir — I Forthe 1971-1972 observing sessions,
the average value of Ip/I; was 0.6 for both long- and
short-baseline profiles. For the 1972-1973 experiments,
most of the data revealed only two Fourier compon-
ents, and Ip/Ir & 0.4 for all the profiles. The typical
pulse shape shown in Figure 7¢ is clearly broader than
that in Figure 7b, and the offset baseline bias is larger.

The total amount of pulsing power was determined
by a variety of methods: with the short-baseline cross-
correlation interferometer, by autocorrelating the
Arecibo tape to form a zero-baseline interferometer,
and from the single-telescope observations made at
Arecibo. All three methods give approximately the
same value of I, and the Mark I autocorrelation data
agree well with the Arecibo flux densities which were
observed simultaneously with the VLBI experiment.

According to simple one- and two-screen interstellar
scattering models, a larger temporal delay is associated
with a large angular size, and therefore we should
observe a systematic increase of apparent source size
with phase across the pulse profile. Equivalently, we
should observe a narrower pulse if we partially resolve
the apparent scattering disk with an interferometer,
and the higher Fourier components should have a
higher fringe visibility. However, the observations
indicate that the fringe visibility shows no systematic
trend toward unity for higher values of n. Also, the
values for I/I, calculated for the long and short base-
lines are equal to within the rather large error limits.

A quantitative test for the variation of fringe visibility

10
1
o.s‘:—I ! i } 1
o6l
Y
o4l
ozl 196 MHz
1 | 1 1
01 2 3 4 5

HARMONIC NUMBER

Fi1c. 8.—Fringe visibility versus harmonic number for (¢) 111 MHz and (b) 196 MHz
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with Fourier component number was made by com-
puting the mean values for the flux density of each
Fourier component using all the available data. Then
the fringe visibility was calculated for each component
at both 111 and 196 MHz, and the results are plotted
in Figure 8. The error bars represent the standard
deviation of y as calculated from the standard devi-
ations of the mean flux densities. The figures show
that each component has approximately the same
visibility as the n = 0 component, and within the errors
there is no trend toward unity. This shows that the
pulse is not narrower when the source is partially
resolved on the long baselines.

All of the phenomena mentioned in this section are
of course interrelated, and they all give useful ways of
indicating the lack of evidence for a source which
expands with pulse phase. This result is important for
interpretations of the scattering phenomena because
it implies that the temporal and angular broadening of
the radiation do not occur at the same location along
the line of sight. In the most likely configuration, the
temporal broadening occurs in the nebula, while
the angular broadening occurs all along the path to the
observer. This interpretation will be discussed further
in Paper IV (Vandenberg 1976).

Erickson et al. (1972) compared the fringe phase of
the compact source with that of the pulsing source and
concluded that the two sources are coincident. The
present observations have much high-r resolution, and
many more runs are available. From 98 long-baseline
observations, the average phase difference between the
compact source and pulsaris 194 + 3% corresponding
to 0.8 + 2.0 milli-arcsec or a linear separation of
0.4 + 1 AU at an assumed distance of 2 kpc for the
Crab Nebula.

iii) 74 MH:z

At 74 MHz we never detected any Fourier com-
ponents with the long- or short-baseline interferom-
eters, although the single-telescope (zero-spacing)
waveforms observed at Arecibo can usually be analyzed
into at least one Fourier component. This discrepancy
is not readily understandable. Our short-baseline
sensitivity is nearly the same as that of Arecibo, but no
Fourier components were detected on a few test runs.
This lack of detection is not due to the flux density
being below the detection limit, since on these same
runs the Arecibo system recorded 15 to 25Jy of

METER-WAVELENGTH VLBI 945

pulsing flux density (Rankin et al. 1974). With the
long baselines, the interferometer partially resolved the
total flux density. If the amplitudes of the Fourier
components are reduced by this factor also, this puts
even the n = 1 component well below the detection
limit on the long baselines.

One possible reason for our lack of detection of
pulses on the short baseline involves curvature of the
pulses across our relatively wide passband. Qur data
processing requires that we approximate the dispersion
of the pulses by a straight line. The time difference
between the pulse time-of-arrival at the top and
bottom of the passband was calculated using both the
straight-line approximation and the true dispersion
relation. At 74 MHz the difference between these times
is about 3 ms, corresponding to about 4 radian of phase
difference. This results in a total signal degradation of
about a factor 0.7, which is not enough to account for
our lack of detection.

HI. PULSARS
a) Strong Pulsars

Four strong, low-dispersion pulsars were observed
during each session. Table 3 lists the average fiux
densities, fringe visibilities and apparent angular sizes
at 111 MHzfor all available runs. The total flux density
is Sp (observed with the short baselines), and the
partially resolved flux density is Sy (observed with
the long baselines). The angular sizes were obtained by
assuming Gaussian brightness distributions as for the
Crab Nebula pulsar. All of the pulsars have fringe
visibilities on the order of, but definitely less than,
unity, and therefore appear to be slightly resolved. The
apparent angular sizes in Table 3 are consistent with
values calculated from the theoretical predictions of
Harris, Zeissig, and Lovelace (1970).

The large error bars on the fringe visibilities are due
to difficulties in processing the pulsar VLBI data and
in normalizing the fringe amplitudes. Since the scat-
tering angle should be a stable quantity, the apparent
variations in ; most likely stem from these difficulties
also.

It was found that the fringe visibilities of individual
strong pulses were the same as the visibility of the
average flux densities. Figure 9 is a plot of the pulse-
to-pulse amplitude and phase for an observation of
PSR 0834+06 in 1973 February. The data were

TABLE 3
PuULSAR OBSERVATIONS AT 111 MHz
Number

Pulsar Date of Runs S (Jy) Sez (Jy) v 9, (arcsec)
0834406....... 1971 November 24 3 74 + 0.9 3.6 +1.3 0.49 + 0.19 0.10 + 0.05
1973 February 24 6 364 + 2.7 38.3 £ 2.6 1.05 + 0.10 < 0.04
1973 February 25 4 390 + 1.8 30.5 + 2.1 0.78 + 0.06 0.06 + 0.02
0950+08....... 1973 February 24 5 13.1 + 2.3 10.5 + 2.3 0.80 + 0.06 0.05 + 0.03
1133+16....... 1973 February 24 2 15.6 14.7 + 1.1 0.78 + 0.17 0.06 + 0.04
19194+21....... 1971 December 19 3 37.7 + 4.1 33.6 6.6 0.89 + 0.11 < 0.04
1973 February 25 3 312 £ 5.1 23.3 + 6.0 0.75 + 0.13 0.06 + 0.03
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smoothed with a five-pulse running average. The time
variations in flux density are similar on all baselines,
indicating that the fringe visibility remains approxi-
mately constant on a short time scale. On time scales
of several minutes (run-to-run) the flux density may
vary considerably but the fringe visibility remains
approximately constant. This behavior was also ex-
hibited by the Crab Nebula pulsar (see Fig. 2).

The observed fluctuations in intensity occurred over
time scales from single pulses to over one year and are
probably intrinsic to the sources. Huguenin, Taylor,
and Helfand (1973) note that changes of up to a
factor of 10 occur on characteristic time scales which
are different for each pulsar. As shown by the values
in Table 3, over several months we observed large
changes in flux density, but from day-to-day within
an observing session the average flux density stayed
approximately the same.

The possibility of apparent position variations due
to interstellar scattering is discussed by Lovelace
(1970). Depending on the physical parameters of the
irregularities, phase excursions of at least several turns
over time intervals of up to several years are predicted.
Our observations of pulsars, however, show no posi-
tion variations which cannot be attributed to the
ionosphere. To properly investigate source motion,
differential techniques should be used in which one
measures the phase difference between the pulsar and
another source also in the telescove beam which is
not susceptible to apparent motion.

b) Weak Pulsars

Several weak, high-dispersion pulsars were also
observed during the last two experiments: PSRs
1858403, 1933+17, 1946+ 35, and 2003+ 31. These
pulsars were treated as continuum sources, since they
have little pulsing power at low frequencies. No cor-
related flux density was detected for any of these
pulsars on either the long or short baselines. Without
better knowledge of the spectra we cannot interpret
the lack of detection on the long baselines quanti-
tatively. The apparent angular sizes of these pulsars
are probably partially reresolved, but actual total flux
density measurements rather than limits are needed
to calculate even a limit on the fringe visibility.

IV. SUMMARY

This paper presented apparent angular size measure-
ments for five pulsars with the body of data heavily
weighted toward the Crab Nebula pulsar. A visibility
function for the Crab Nebula pulsar which is consistent

with a Gaussian brightness distribution was measured
in an early 144 MHz experiment. Assuming a Gaussian
distribution at all frequencies, we have also made
estimates of apparent angular sizes at 196, 111, and
74 MHz. These sizes scale approximately as wave-
length-squared in accordance with interstellar scatter-
ing theories.

We have also measured the flux density of the com-
pact source in the Crab Nebula at 196, 111, and 74
MHz, and find that the measurements lic on the ex-
trapolation from high frequencies of the pulsing flux
density. Using differential fringe phase measurements
we have tightened the limit on the coincidence of the
pulsar and compact source to a separation of 0.2 AU
at the distance of the nebula.

Reconstruction of the pulse profiles revealed shapes
similar to single-dish measurements at 196 and 111
MHz. Additionally, a steady, nonpulsing component
appears at the low frequency, and its strength was
found to be time-variable. No pulsing power was
detected at 74 MHz. The visibility of the pulsing flux
density was found to be independent of pulse phase,
implying that the regions in which temporal and
angular scattering occur are well separated.

Pulsars other than the Crab Nebula pulsar were
found to be only slightly resolved, and the fringe
visibilities of individual strong pulses are the same as
the visibility of the average flux densities.

Further high-resolution low-frequency observations
of pulsars should be made in order to confirm and
extend the results presented in this paper. More com-
plete coverage of the (u, v)-plane at low frequencies
would provide a good test of our inferences concerning
the lack of fine structure in the Crab Nebula, and also
of our assumption that the brightness distribution of
the scattering disk is Gaussian.
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Observatory, and the Naval Research Laboratory for
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National Radio Astronomy Observatory is operated
by Associated Universities, Inc., under contract with
the National Science Foundation. The WNational
Astronomy and Ionosphere Center is operated by
Cornell University under contract with the National
Science Foundation. Part of this work was done with
support from NASA grants NGL-21-002-29 and
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The log-periodic array at the Clark Lake Radio Observatory
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Clark VLake Radio Observarory, Astronomy Program, University of Maryland,
College Park, Maryland 20742
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A log-periodic array, three km in length, is operating at Clark Lake Radio Observatory. It
makes one-dimensional sweeps of the solar brightness distribution in the frequency range 20
to 65 MHz once per sec. The phasing of the array and the receiving system are described, as
well as how the dynamic spectra are analyzed for the positions of solar radio sources. Simul-
taneous measurements at many frequencies enable the observer to remove the effects of
fonospheric refraction and to obtain fundamental positions to an accuracy of about one arc
min at decametric wavelengths. Fundamental positions are given for Cassiopeia A.

INTRODUCTION

In order to obtain decametric wavelength-observa-
tions, a swept frequency array [Sheridan, 1963;
Begovich, 19661 has been designed, constructed, and
is now in operation at the Clark Lake Radio Ob-
servatory near Borrego Springs, California. In all
phases, this is a cooperative program between the
Laboratory for Extraterrestrial Physics at NASA
Goddard Space Flight Center and the Astronomy
Program at the University of Maryland. The array
was designed to be a useful solar instrument in its
own right, and also to provide decametric observa-
tions of the positions of solar emission regions to
complement hectometric observations made from
satellites.

The observing frequency of the array is swept from
20 to 60 MHz once per sec. This causes the array’s
response pattern to be swept many times across the
sun to determine one-dimensional brightness dis-
tributions and positions of solar emission regions.
The time evolution of solar bursts may thus be
studied in both angular and frequency coordinates.
Data concerning the brightness distributions and
positions of solar emission regions are being obtained
cach day between 16 and 24 hr UT. The data are
being analyzed both at the University of Maryland
and at Goddard Space Flight Center [Kundu et al.,
1970; Kuiper and Pasachoff, 1973]. At the former
the analysis emphasizes the study of the radio sun at
decametric wavelengths and at the latter the analysis

Copyright ® 1973 by the American Geophysical Union.

empbhasizes the complementary aspects of decametric
and hectometric emission.

THE ANTENNAS

The antennas are equatorially-mounted log-peri-
odic elements identical to those built at Stanford
University by Howard [1965] (Figure 1). The pri-
mary beamwidth of each element is 60° in both the
E and H planes, and each element gives a gain of 9
db with respect to an isotropic radiator. Each ele-
ment is fed at its apex and presents a 450-ohm
balanced impedance with a VSWR of less than 2 to
1 over the frequency range from 20 to 65 MHz. A
wide-band balun is placed at the apex to match this
impedance to a 50-ohm coaxial cable and a pair of
General Electric IN916 diodes are soldered across
the balanced antenna terminals to protect the system
from excessive signal levels.

The equatorial mounts have polar axes which can
be driven electrically in increments of 4° under con-
trol from the observatory. Because of the large
amount of maintenance required for the tracking sys-
tem, it is not normally used with the wide beam-
width of the elements. This does not seriously detract
from the normal operation. For special observations,
however, tracking is accomplished by stepping in
rapid succession. Declination adjustment is accom-
plished manually.

THE ARRAY

Sixteen antennas are spaced at equal intervals of
220 m on an east-west baseline (Figures 2, 3). Con-
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Fig. 1. A log-periodic element of the array.

sequently the voltage pattern is given by the Fraun- N = ¢/f, | = frequency at which the antenna is
hofer diffraction pattern of a 16-slit grating [Kraus, being operated,
1966], § = progressive phase difference between antennas.
E() = sin (ny/2)/n sin (/2) The pattern has nulls when the numerator of cqua-
(1) tion 1 is zero, that is, when 16y = 2k, except when
¥ = Qrl/N)sin 6+ 8 k is a multiple of sixteen. In that case, the denomina-
where tor is also zero, and E(y) achieves a maximum value
of unity.
n =16, In a conventional grating array the observing fre-
| = average antenna separation, 220.000 & .003 m, s
¢ = complement of the angle between the inter-
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quency, f, is fixed. Equation 1 then gives the voltage
pattern as a function of the angular coordinate, 6. If
we decrease the observing frequency (increase the
wavelength), the diffraction pattern will broaden; the
fringes will move away from the white-light fringe
and become correspondingly fatter. Thus, by smoothly
altering the observing frequency, we can sweep a
fringe (or several adjacent fringes) across a source
which we want to observe,

There is another way to ook at the operation of
this array. Equation 1 achicves a maximum when-
ever

(I/N)sin 8 4 (§/2n) = k k=

In conventional arrays, A is kept fixed. The earth’s
rotation moves the antenna pattern across the celes-
tial sphere and the telescope shows a maximum re-
sponse whenever the interferometer angle of the
source, #, is such that equation 2 is satisfied. This
scanning process is far too slow for the highly
transient solar events, so for rapid scanning we alter
A. By noting the wavelengths at which the response
of the array is maximized, we can deduce the posi-
tion, 6, of the source.

From (2) it is easily shown tnat the beamspacing
and beamwidth are given by

integer ()

AG = NI cos @ 3

It

and

88 = N/161 cos 8 4)

respectively. Near transit, § ~ 0°, so that at 20 MHz
Af# ~ 4° and 86 = 15 arc min; at 60 MHz, a8 ~ 1.3°
and 80 =~ 5 arc min. The spacing of the fringes is
such that the position of a solar radio burst can be
unambiguously identified.

ARRAY FEED SYSTEM

The array is fed from the western end of an east-
west, open-wire, traveling-wave transmission line 3.3
km in length (Figure 2). The linc is built of two
strands of 1/4-in. diameter copperweld wire at 6-in.
spacing, giving a characteristic impcdance of 470
ohm. These wires are placed under approximately
1,000 Ib tension and are fixed mechanically to the
earth at each end, thus minimizing the thermal varia-
tion of the length of the line since variations in
temperature cause only a change in tension, not
physical length. They are supported by 1/4-in.
phenolic hangers at random intervals of about 35 m.
After preamplification, the signals are lightly coupled
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to this transmission line by means of directional
couplers [Oliver, 1954]. The attachment points for
the couplers were determined through SWR measure-
ments with the cast end of the feed line short-circuited.
Two measurements, made independently several
months apart, agreed within 6 cm at each coup-
ling point. The velocity factor of the line is 0.99932
= 0.00003 with respect to free space, The spac-
ing of the coupling points, [;,.. was found to bec
0.9999415 = 0.000003 of the antenna separation, I,
Consequently the increment of phase introduced be-
tween antennas by the transmission line is

le = (0.9999415 4 0.000003)/
Aime = (0.99932 £ 0.00003)A
and thus equation 2 takes the form

8 = 2wl uc/Nne

sin 6§ + (1.00062 =+ 0.00003) = kXN I A = integer
(%)
The effect of the velocity factor of the transmission
line is to shift the antenna pattern eastward by
(2.14 = 0.1") cos @ with respect to the pattern ex-
pected for a velocity factor of unity and a coupler
spacing of exactly 220 m.
In order to find the frequency difference between
fringes centered on the same angle. 4, we differentiate
(5) and find that for Ak = 1

Af = ¢/l(sin 8 + 1.00062) ()

The ratio ¢/l = 1.362695.

One property of the transmission line which is not
understood is that the attenuation of the line is
proportional to frequency, rather than f*/%, in spite of
the fact that dielectric losses are negligible [King
et al., 1965]. The degree of coupling at each antenna
was adjusted so that each antenna delivers approxi-
mately equal power at the line amplifier (Figure 2)
in spite of the attenuation on the line. This cannot be
achieved exactly for all frequencies so the coupling
was designed to achieve uniform illumination at 35
MHz. The illumination deviates from uniform by less
than 25% at 20 or 60 MHz.

A serious problem in decametric observations at
our sitc are very strong shortwave broadcast signals
in the 19, 25, and 31 m bands. Intermodulation of
these signals in the preamplifiers must be avoided.
Accordingly, the preamplifiers were chosen for their
high linearity, and they incorporate filters to at-
tenuate signals outside the frequency range of 20 to
60 MHz. They have a measured noise temperature of
950 K. After preamplification, coupling losses. and
line losses, cach antenna delivers 450 to S00 K of
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noise power at the west end of the transmission line.
Thus, a total noise power at 7000 to 8000 K {rom all
sixteen antennas is delivered to the amplifier at the
end of the line. This amplifier also has a noise tem-
perature of 950 K and thus contributes 13 to 14
to the total noise. The gain in this amplifier exceeds
subsequent losses in the transmission to the observa-
tory by 8 to 13 db, depending on the frequency. The
signal level at this point is so high that no further
degradation of the noise figure occurs.

We should note that any deviation from uniform
aperture illumination does not affect the pointing of
the antenna,.but only the resolution and side-lobe
level. If the phases have been accurately adjusted,
then the aperture illumination of the array is purely
real, except for the lincar phasc gradient which
affects only the pointing of the beam. The voltage
pattern, the Fourier transform of the aperture illumi-
nation, is therefore Hermitian and the power pattern
is consequently symmetrical [Bracewell, 1965]. Any
variation in the illumination, which might be caused
by gain variations in the preamplificrs or changes in
the coupling coeflicients, will affect the beam in a
svmmetrical way and have no serious influence on
determinations of source positions.

ELECTRONICS SYSTEM

Figure 3 is a schematic diagram of the receiving
system. The galactic background temperature varies
approximately as f*% across our operating band. In
addition, transmission line attenuation increases with
frequency. These effects result in a decrease of nearly
20 db in output noise level from 20 to 60 MHz. This
is undesirable because it greatly reduces the dynamic
range of solar signals which can be accommodated
by the detectors and recording apparatus. There-
fore, a slope filter is introduced which attenuates the
low frequency portion of the band and results in an
approximately uniform noise level, It also weakens
the strong signals below 20 MHz which tend to cause
intermodulation. The slope filter overcompensates
slightly for the fact that the collecting area of the
constant gain log-periodic elements varies as 2. Thus
a source of constant flux will result in an output
deflection which is slightly larger at 60 MHz than at
20 MHz.

One-MHz frequency calibration markers are in-
jected into the system for a brief period every six
min. The antenna is disconnected during the retrace
of the sweep receiver in order to separate the sweeps
clearly. This facilitates digital processing of the data.

In addition to the part of the system shown, a
variety of other systems is available. For a two-
year period ending September 1971, four additional
spectrum analyzers swept each 10-MHz segment of
the 20 to 60 MHz range four times per sec. These
analyzers are now devoted to new arrays,

Signal path lengths through various elements of
the array differ by as much as 6600 m and these
differences depend upon the position of the source.
The coherence bandwidth of the array is therefore
narrow and dependent upon source position. In order
to insure coherence at all positions, a receiver band-
width of 10 kHz is employed. This does result in
somewhat less than optimum sensitivity, but the
narrow bandwidth has the advantage of discriminat-
ing against terrestrial interference. The effective in-
tegration time can be computed from the frequency
sweep rate.

For the purpose of determining the total solar
flux without the angular resolution of the arrav. onc
additional receiver records the signal received by a
single element.

RECORDING AND DISPLAY OF SIGNAL

The output from the receiver is amplified, and the
baseline adjusted as required. The signal is then re-
corded on an FM analog tape recorder which has
a bandwidth of approximately 1-1/2 kHz at 1-7/8
in. sec™* recording speed. The Fourier transform of
such a frequency response is a function in the time
domain having a width of approximately 0.4 msec.
Since the receiver is sweeping at a rate of about 50
MHz sec™, this corresponds to an RF bandwidth of
20kHz. Only late in the afternoon when the co-
herence bandwidth is very narrow in frequency will
there be a broadening of the fringes due to the band-
width limitation of the tape recorder.

One channel of the tape records a 60-Hz refer-
ence signal from the observatory's frequency stan-
dard. It also contains timing information. This chan-
nel is used to synchronize a facsimile recorder (sce
Figure 3).

The facsimile recorder is a fathometer recorder
adapted to this purpose because of its high resolu-
tion and wide dynamic range. The recording paper
is 19 in. wide and the effective resolution is <0.001
in. Its dynamic range is about 12 db. The dynamic
range of the receivers and the tape recorder is about
30 db. This dynamic range can only be utilized by
digital processing of the tape-recorded data or by
redisplaying the data on the facsimile recorder at



different levels. Figure 4 shows a solar radio event
seen on the facsimile records. The pen of the re-
corder is drawn across the paper at the rate of once
per sweep. The pen is driven by the recorded 60-Hz
reference signal and synchronized to time marks on
the data channel (see Figure 3). The signal modu-
lates the intensity of the pen trace so that the in-
tensity as a function of frequency is displayed by
each trace. The paper moves continuously so that the
time evolution of the spectrum is recorded.

CALIBRATION

Proper calibration of the array would require that
coherent signals of known strength be injected at
each of the elements. This would require an inde-
pendent feed system. Instead, great carc was taken
to insure the gain and phase stability of the feed sys-
tem and the electronics from the line amplifier on-
ward are calibrated daily. An underground coaxial
cable from the observatory couples signals to the
center of the transmission line (Figure 2). Noise
calibration signals are inserted on the transmission
line at the beginning of cach observing day, resulting
in a series of gray shades on ithe facsimile record.
These can be compared to the density of the fringes
to provide a flux calibration to within 3 db for bursts
on the linear portion of the facsimile record’s density
scale,

In order to establish the flux scale, the calibration
noise source was compared to Cassiopeia A at three
discrete frequencies using fixed frequency receivers.
The fringes and calibrations were recorded on a chart
recorder and compared. It was found that the cali-
bration noise source provided a signal equivalent to
about 3 = 1 x 10-** Wbm~? Hz'. The flux densities
of Cassiopeia A were taken from a spectum compiled
by Parker [1968] and corrected for secular variation.
By calibrating the calibration noise source in terms
of antenna temperature, the collecting area is found.
The collecting area as a function of frequency is
given in Table 1. Pattern measurements of a single
log-periodic element yielded an estimated collecting
area of about one square wavelength.

It appears that the array performs as expected at
the higher frequencies where the sixteen elements
give a combined collecting area of about sixtcen
square wavelengths, but that the collecting area falls
below the predicted area at lower frequencics. As the
wavelength increases, the radiating region moves
down the log-periodic antenna structure. The de-
crease in collecting area at longer wavelengths may
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A typical fascimile record.

be caused by a partially reflected wave from the ends
of the antenna booms, or by radiation from the
booms themselves.

DATA REDUCTION

In Figure 4 we show a record of solar activity in
which the spectrum is modulated by a periodic pat-
tern E*(y) of the grating array {see equation 1).
Thus by measuring f at the maxima of the pattern,
the position of the source, §, can be known. Any un-
certainty in the fringe order can usually be resolved.
It is our concern, at this point, to see how f and ¢
may be accurately determined.

Actual measurement of the facsimile record is
done on an x, y coordinate digital converter. This
has a table top surface on which a pointer can move
along two orthogonal axes, x and y. The facsimile
record is aligned as accurately as possible on this
surface. The axis parallel to the flow of time is the
x axis and the axis parallel to the frequency scale
the y axis. We are concerned, then, with converting
the coordinate (x, ¥) to the coordinate (¢, f). If tis
linear with x and f is linear with y, the calibration
is easy and the conversion trivial.

It has been our experience that ¢ is a very linear
function of x. We find that we are generally able to
calibrate the time scale on our charts to one scc
(or 0.007 in.). There is a varicty of effects which
complicates the calibration of the frequency scale. The

TABLE 1. The collecting area as a function of frequency.
Frequency Collecting area
(MH2) (m?) (N9
31 890 + 80 9.5 0.9
38 880 + 440 1447
48 610 4+ 110 15,5+ 3
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receiver is tuned over the frequency range, 20 to 60
MHz, in response to a sawtooth sweep voltage (see
Figure 3}. Although this sweep is highly linear, our
criteria are extremely severe and the response of the
receiver to the sweep voltage is not perfectly linear.
Another effect which is important is phase jitter in
the synchronization between the pen drive and the
reference signal, which causes tiny displacements of
the frequency scale. We must be able to establish the
frequency of a fringe to about 15 kHz, which
amounts to an accuracy of 0.005 in.

“To the first order, the frequency of a point on the

facsimile record is given by f = a, + a.y. The center

frequency to which the receiver is tuned affects a;.
The sweep range of the receiver affects both a; and
a». Drifts in the local oscillators, lateral motion of the
paper during recording, and changes in the sawtooth
voltage will result in changes in a, and a,. Con-
sequently, in calibrating the frequency scale of the
facsimile records, allowance must be made for varia-
tions of @, and a, with time.

The frequency versus voltage response of the
sweep circuit of the receiver is slightly nonlinear,
so that

{ = a, + a,y + voltage-dependent correction term

“Since the frequency of the receiver has a one-to-one
correspondence with the voltage applied to the sweep
circuit, the correction term can also be expressed as
a function of frequency. We have found that the
calibration function can best be written as

f=a + ay -+ a3 cos [(f — a,)/a;]
+ aq cos [{(f — as)/as} + ay cos [{f — ao)/an]l (7)

The coefficients a4 to a,; are characteristic of the re-
ceiver and thus do not vary during the day. Since the
correction terms are small, we can approximate the
calibration function by

f>~a, + ay + a; cos [{a, + a,y — a))/a;)
+ a; cos [(a, + a, y— a;)/as)
4+ aq cos [(a, + a,y — aj0)/an] (8)

The coefficients a; to @y, are determined once for the
day under reduction. Coefficients a, and a. are de-
termined periodically and interpolated as required.
Having established the frequency of a series of
fringes at some instant of time we can deduce the
position angle 6. The antenna pattern (see equation
6) has many lobes and so the position, 6, of radiation

observed at some frequency, f, will always be am-
biguous in the order of the lobe, n. There arc. how-
ever, two possibilities for removing this ambiguity.
Since we are concerned mostly with radiation from
sources whose position is known with sufficient ac-
curacy (i.e., in the immediate vicinity of the sun). we
can use this information to find the fringe order, .
We compute, for a measurement of frequency 7,

k* = (sin 8 -+ 1.00062)/,1.362695 (9)

where k* is, in general, nonintegral. The fringe order
is almost always the integer nearest to the value k*.
This is the approach we normally use. It is not pos-
sible to confuse radiation from the sun (or the source
being observed) with radiation from a source clse-
where in the sky. Radiation associated with a given
source will always have approximately the same value
of 6, regardless of frequency. The fringe spacing in
frequency (equation 6) can therefore be used to
evaluate ¢ approximately as a check that the radia-
tion is coming from the solar vicinity.

If we wish to localize the position of unknown
radiation, we can use equation 6 to find the approxi-
mate value of 8. We would then use the procedure
outlined in the above paragraph to find the fringe
orders.

We compute § — 6y in solar radii for each fringe,
85 being the position of the center of the sun,

sin 85 = cos &5 sin H Ag

The position angle of the fringes with respect to
celestial north is also noted,

cos {(90° — (ﬁ.s) = tan fs tan §;

In order to improve the accuracy of position mea-
surements, we generally measure three points on
each fringe: the high frequency edge, the center, and
the low frequency edge. The edges are defined as the
points where the intensity gradient is steepest, and
for fringes which are not so intense as to saturate the
record, they might be expected to correspond to the
half-power points. All three measured points are con-
verted to positions (in solar radii) and plotted (sce
Figure 5). The center measurement is plotted as
a one-digit number representing the nearest scc in
time. The upper and lower edges are plotted as the
symbol /. The position of the source is then taken
to be the mean of these three positions. Analysis of
all the fringes at one time thus results in measure-
ments of position as a function of frequency.

It should be noted that this method of finding the
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Fig. S.

Position of a type III burst as a function of frequency. Triangles give the positions corresponding to the high and low

frequency edges of the fringes. The numbers give the positions corresponding to the peaks or centers of the fringes, the number
representing the time to the nearest sec. On the right-hand side of the plot is given the uncertainty in position (in solar radii) if the
measurement error on the xy coordinate converter is .01 in.

position of a source generally assumes that both the
antenna beam and the source are symmetrical. Con-
sider a fringe which is saturated on the record. (Be-
cause of the limited dynamic range of the facsimile
record, this is often the case.) The sides of the
fringes are taken to be those frequencies at which
the density of the record appears to fall off most
sharply. These frequencies will not represent, then,
the half-power points but some lower, often sig-
nificantly Jower, power level. The person scanning
the fringe will take the peak to be some frequency
which is an average of the two side frequencies.
When these frequencies are converted to positions
and averaged together to yield the position of the
fringe, we end up with a position which is defined by
some power level near the base of the fringe. If the
source or the beam is significantly asymmetrical the

position defined by the peak-power or half-power
points may be quite different.

RESULTS

A full-scale analysis of solar type Il and IV
events is under way, the results of which will be
reported in later papers [e.g., Kuiper, 1973},

As a check on both the array and the data reduc-
tion program, observations were made of Cassiopeia
A for about two hours around transit on November
10 and 11, 1970, and on March 16, 1972, The
position lines of the source were measured at 45
MHz relative to an assumed right ascension of 23h
21m 10s and declination of +58°32’30” (epoch
1950.0). Because of the rotation of the earth, the
position angle of the antenna fringes projected on
the source varied from about —20° to +30°. The
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best intersection of the position lincs was found to be

November 10 and 11, 1970:
23h 20m 58.7s &+ 1.9s

March 16, 1972:
23h 20m 41.4s 4 1.9s 4-58°24.3" 4 0.8’

The effect of stellar aberration has been taken into
account, but no correction for ionospheric refraction
was made. Refractive effects cause most of the
discrepancy between these positions.

* The position of Cassiopeia A was measured simul-
taneously at frequencies from 25 to 50 MHz. As-
suming that the centroid of the source’s intensity
distribution at these frequencies is the same, we can
correct for ionospheric refraction by fitting each set
of measurements at a given time to the function

+58°37.0" & 0.8/

p= A+ B

DISPLACEMENT OF CAS A
+10°

20 MHz

-30 MHz

-40 MHz

-50 MHz

Fig. 6. Observed position as a func-
tion of frequency of Cassiopeia A.
Measurements of the high frequency
edge, middle, and low frequency edge
(dots) are connected respectively with
solid lines. The dashed line represents
the function p = (1.0/ +0.9") +
(5.83 = 1.2°.) x 10° X f* where
frequency is given in MHz. The re-
fraction is thus determined to be 6.5°
at 30 MHz.

| = ’l{
l Nov 10 & 11,1972
58" 36 -
L
T~
58 33+
58" 30+ MAR 18,1972
=
58° 27+
L MAR 16,1972 T
58 24’} T
1 " 1 1 1 1
L}
23 2"30° 237210
Fig. 7. The positions of Cassiopeia A at decametric wave-

lengths, uncorrected for refraction ([3), and corrected for

refraction (Q), superimposed on a 1.4 GHz contour map

based on the results of Ryle et al. {1965]. The contour in-

terval is 15,000 K. Unless all parts of Cassiopein A have

identical spectra, the centroids of the brightness distributions

need not necessarily coincide at centimeter and decameter
wavelengths.

where A represents the position of the centroid in the
absence of ionospheric refraction (Figure 6). We
found that the uncertainty in determining A for any
given set of measurements was comparable to the
scatter in position at 45 MHz. Consequently, for the
measurements at any given time, the position repre-
sented by the parameter A is not any more reliable
than the measured position at 45 MHz. However,
when we solve for the best intersection of all the
position lines which have been corrected for refrac-
tion, we find that the data are much more consistent:

November 10 and 11, 1972:

23h 21m 3.7s 4 2.5s +-58°33.5" &+ L.V



March 16, 1972:
23h 20m 57.5s = 2.5s +58°31.1" + 1.1’

These positions, as well as the positions obtained
when the effect of refraction is neglected, are plotted
in Figure 7 on a contour map of Cassiopeia A based
on the Cambridge observations at 1.4 GHz [Ryle
et al,, 1965]. These results demonstrate the potential
of simultaneous multifrequency observations to ob-

tain accurate fundamental positions at decametric-

wavelengths. OQur two position measurements agree
to 0.8 arc min in right ascension, the direction in
which the array has high angular resolution. Better
agreement could not be expected because 0.8 arc
min is approximately one-tenth of a beamwidth.

CONCLUSION

We have described an instrument which has been
on solar patrol since March 1969. Dynamic spectra
are recorded daily from 1600 to 2400 UT. From the
fringe pattern on the dynamic spectra one can obtain
the position of radio sources as a function of fre-
quency in the range 20 to 65 MHz. The pointing of
the array is known to an accuracy of 0.1 arc min.
Positions can usually be meas.red to an accuracy
of about 1 arc min.

It has been suggested that ionospheric refraction
can be measured by simultaneous observations at two
or more frequencies [Lawrence et al., 1964], but that
refractive effects might not behave in the expected
way below 50 MHz. We have made observations of
Cassiopeia A in the range 25 to 55 MHz and find
that the inverse square dependence on frequency is
followed in this frequency range. We have used this
dependence to correct the observations and have
found that we are able to determine the position of
Cassiopeia A to within 1.0 arc min in right ascension.
More sensitive arrays, such as the one now being
built at Clark Lake, will be able to use this principle
to obtain accurate fundamental positions of radio
sources in the decametric wavelength range.
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The Clark Lake Array

WILLIAM C. ERICKSON

Abstract—A powerful new instrument for meter and dekameter
wavelength radio astronomy is described. It will soon be available
for both solar and sidereal studies.

FULLY STEERABLE array of 720 conical log spiral
antennas is near completion at the University of
Marvland's Clark Lake Radio Observatory in south-

ern California. It is capable of operation at any frequency be-
tween 13 and 130 MHz with an instantaneous bandwidth of
3 NMHz. The array is a pencil-beam instrument with a beam-
width proportional to the wavelength; it varies from 3’ to 27’
across the frequency range. Both the beam position and oper-
ating frequency will be computer controlled on a time scale of
much less than 1 ms. The array will be used for solar studies
and discrete radio source studies. For the radioheliograph
application, 49 simultaneous beams will be formed.

The array is described in more detail elsewhere [1], [2].
The antennas are arranged in a T with an east-west arm of
480 clements, 3000 m in length, and a north-south arm of 240
elements, 1800 m in length. The elements are fixed in a vertical
direction with a primary frequency-independent beamwidth
of 100° This limits the sky coverage of the instrument to

Manuscript received February 2, 1973. This work was supported by
the National Science Foundation under Grant GP 19401 and by the
National Aeronautics and Space Administration under Grant NGR
21-002-367.

The author is with the Astronomy Program at the University of
Maryland, College Park, NMd. 20742.
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Fig. 1.

This is a photograph of the east-west arm of the instrument,
It consists of 480 log spiral clements.

zenith dixtances of approximately 30° Each element ix a
teepee-shaped structure of & wires and ix 7.8 m tall. (For this
reason the array hos been called the TPT.) Fig. 1~ a photo of
the east—west arm of the instrument. Thi~ arm i= now complete
and in operation.

Beam positioning is accomplished entirely by adjustment
of the relative phares between the elements. No phy=ical mo-
tion is involved. The primary phazing-scheme emplovs elec-
trical rotation of the left circularly polarized elements. Since
a properly designed log spiral antenna maintains circular
polarization well off axix, thiz scheme can be used at zenith
distances of 50° or greater. The excitation of each multifilar
spiral antenna is rotated by means of a diode switch installed
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This grating array was correlated with an element at the center of the
which occur on the tecord each minute are noise calibrations.

gy AUGUST 2.1972
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"y, p&ﬁwv‘ TN Gt TRCENT 5 %

EAST - WEST

Fig. 3. Radio spectrograms of solar continnum obtained shortly before
the great flares of August 1972, These recordings were taken with
swept frequency receivers attached to the output of north=-south and
eust—west grating arravs consisting of cach fifteenth clement. The re-
ceivers sweep the 20-120-7M1ilz ':pmtlum twice per second:
sween, lobes of the grating array’s response cross the sun.
tion of time and frequency gives the position of the source. The rather
steady sloping bands of continuum originate 9 east and 3 south of the
sun's center. The Type HI bursts at 1918~1920 UT are 107 west and
207 south of the sun’s center. A second continuumn region develops in
the 80-120-Atz range between 1918 and 1927 UT. Intericrence helow
30 MHz and FM transmissions in the 88-108-M11z band arce plainly
visible,

as they
Determina-

at it< apex.
con=ixt of ‘13

The arms of the T are operated in banks which
elements each. Each bank of elements is phased
identically by means of 60 control wires which run down the
length of the arms. The signal from each bank of elements is
preamplified and brought back te the observatory on a sepa-

Dritr sciins of Cyg A at two trequencies. To make these recordings,

a 32-clement grating array consisting of each fifteenth elenent was used
array to form a sin 32x/32 sin x pattern for testing purposes. The spikes

rate coaxial feed line, At the observatory the stgnals from the

banks are delaved and combined to form the pencit heam-.
Fig. 2 illustrates some sample drift scan~ obtained with the
cast—west arm of the instrument. Since the cast-west arm can
track a source across the sky it is being used in o ~uper-ynthes
si~ mode to svnthesize w pencil-heam response on high decline-
Fig.

sun obtained with completed portions of the cast-west and

tion sources. 3 Hustrates sample fan heam ~can- of the
north—~outh arravs,

When completed, the instrument will Le used during the
a multifrequency radioheliograph night for
“Pictures”

and
of the sun will be obtatned at

as

dav
radio source studies.
~everal discrete frequencies every second. Swept frequency
fan beam records in the east=west and north-<outh directions
will be simultaneously obtained at intermediate frequencies.
These will allow interpolation between the frequencies at
which salar “pictures” are obtained.

The sensitivity it and the resolution limit of the tn~tru-
ment are approximately equal at about T flux unit at all fre-
quencies {2]. The instrument can be employed for radio source
~urvey work, detailed studies of radio source spectro, and
various other spectral studies. Tt can alzo be applied to pulsars,
planets, or other dynamic sources. Because of its rapid beam
positioning it can be used in a time-share mode between vari-
ou= observers or between calibrators and unknown sources~ on
a T-s time =cale. Obyviously, the data-acquisiton capability of
the instrument far exceeds the analvsis capability of our small
group. We will invite puest investigators to make u=e of the
instrument,
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A new wideband, fully stecrable, decametric
array at Clark Lake

William C. Ericksen and J. Richard Fisher?
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A new, Tully steerable, decametyic array for radio astronomy is under constroction at the
Clark Lake Radio Observatory near Borrego Springs, California. This artay will be 4 “T™
of 720 conical spiral antennas (teepee-shaped antennas, hence the array is called the 1T,
30 by 1.R km capable of operating between 15 and 125 MHz. Hoth ils operating frequency
and beam position will he adjustable in less than one misec, and the TP will provide a
49-clement pictute around the central heam position for extended-sotce observations,

Considerable expericace huas been gained in the opcration of completed portions of the
array, and successful operation of the final array is assurcd. This paper describes the resnlts
of the tests which have been conducted with the conical spirals and outlines the planned

efectronics.

INTRODUCTION

Mast of the radio astronomical observations below
100 MHz have been the result of considerable effort
on the part of a relatively small number of astron-
omers and cngineers. The size of the instruments
required has precluded the construction of more
than a few in the world, and, until thiec or four
years ago, technology had not allowed the design
of a large decametric array which would opcrate
over more than a limited frequency range and be
stcerable in two coordinates with reasonable speed.
Conscquently, this part of the radio spectrum has
attracted very few astronomers cven though much
information about the physics of celestinl objects
may be found from the study of radiation at these
wavclengths,

Recent advances have been made in the tech-
nology of decade bundwidth antennas {Rumsey,
1966), and rcliable, wideband, solid state devices
have reached a price where it is practical to usc
hundreds or thousands of units in-a large system.
Around these developments, a desipn for a fully
steerable decametric array has evolved. It is op-
erable anywhere betwen IS5 and 125 Mlilz with

t Present address: National Radio Astronomy Qbscrva-
tory, Green Bunk, West Virginia 24944,

Copyright © 1974 by the American Geophysacal Union,

acarly instantancous frequency and beam positioning
capability.

The instrument has been designed with both solar
and sidercal programs in mind. The spacing of the
phasc centers ‘of the banks of clements has been
arranged (o provide a “field of view™ clear of grat-
ing responses several solar dinmeters across. One
of the first uses of the instrument will be as a multi-
frequency radioheliograph, similar o the Culgoora
instrument. The system has most of the flexibility
of a huge paraboloidal antenna, and has a number
of advantages and disadvantages, Fust of all, its
resolving power is approximately that of a 3-km
paraboloid. The ability to slew rapidly and to change
frequency rapidly permits many modes of operation
that arce impossible with paraboloids, On the other
hand, the colieccting arca of the unfilled aperture is
less than 1% of that of a4 3 km paraboloid, so the
system is maost uscful for programs where  high
angular resolution and only modest sensitivily arc
required.

The system is adaptable to the study of dynamic
sources such as the sun, Jupiter, or pulsars, for it
can be used in an adaplive sense with priority given
to dynamic sources whenever they are active. The
bram can be stepped around the sky to monitor the
sun, flare stars, plancts, or ionospheric scintillations.
Spectral observations can be made on many thou-
sands of sidereal radio sources. Sources can be fol-

387



R} 2 ERICKSON AND FISHER

lowed across the sky and obscrved successively at
diffcrent freguencics for spectral measurements. Ob-
scrvations of calibration saurces can be interspersed
with obscrvations of unknown sources on a sccond-
to-sccond basis. Al our sensitivity level, Junar oc-
cultations of radio sources will occur every few
hours.

The instrument, called the TPT because of its
geometry and antenna design, is a “T7 of 720

conical spiral antennas under construction at the |

“University of Maryland's Clark Lake Radio Ob-
servatory ncar Borrego Springs, Calilornia. Elements
of the array have been in operation for about 3
years for test purposes and for some limited obscrva-
tions. Experience gained with portions of the array
assures the success of - the design and allows some
definitive statements to be made about the propertics
of the individual clements and the overall phasing
scheme. 1t is the purpose of this paper to describe
the system, to outline the measured parameters of
the conical spirals, and to compare the calculated
~and obscrved array patterns with particular em-
phasis on an incremental phasing scheme not
normally employed in radio astronomical instru-
meats, The sidelabe structure of the system is com-
plex and affects the confusion limit of the system as
estimated by Fisher [1972]. A bricf description of
the proposed clectronies is included fo give a co-
herent picture of the finad instrument,

OUTLINE OF ARRAY AND ELECTRONICS

The new array is a 3.0 > 1.8 km T with the
direction of its legs being approximately cast, west,
and south. The array is laid out in the planc of the
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Fig. 1. Array layout.

Clark’s dry Ishe which is not exactly tingential to
the peaid. The south wm, which is perpendicutar to
the E-W arms, has been Iaid out 18 are see from the
plane containing the carth’s axis and the conter of
the array. The arrav’s cffective courdinates become
lat. 339200297, tonp. 1167177257, The signals from
cach arm are combined to form 7 {an beams and
the E-W fun beam signals are multiplicd by the
N-S fan beam signals to produce pencil beams. The
beam shape is equivalent to that obtained with a
full cross but the collecting arca of the fourth arm
is lost with the T. Phase tolerances between the
arthogonal arms are more critical in the T array
than i a full cross {Christiansen and Héaghont, 1969].

Each log spiral clement has a collecting arca of
about A%/3, amdis designed to operate between 20 and
125 MHz. The tow {requency limit has been extended
to 15 MHz at reduced cfliciency by terminating the
base of the spiral with resistars, The teepees are at
6.25-m intervals in the E-W arms and 7.5-m inter-
vals in the south arm. This spacing gives rise to grat-
ing responses above 50 MEz which will be discussed
in a later section. Since the clements are all fixed
in the vertical direction, beam positioning is ac-
complished purely through adjustment of the phase
gradient across cach arm. The gain of the system is
modulated by the response pattern of the individual
clements. For pood zenith distance coverage, the re-
sponse pattern must be wide, and the gain of cach
clement is correspondingly low,

As shown in Figures | and 2, phasing of the array
is accomplished in two stages. The clements are di-
vided into 48 banks of 5. and the signals from the
15 antennas in cach bank are combined, then pre-
amplificd and sent to the central building on separate
coaxial feed lines. Phasing within a bank is accom-
plished by clectronically “rotating™ each conical spiral
antenna with a diode switch controlled from the cen-
tral building.

“The signals from the 4R banks arce processed sep-
arately, in carcfully matched amplifiers and digital
networks. Figures 3 and 4 mic block diagrams of the
proposed clectronics. The slope filter ahead of the
postamplifier is o high pass filter with a cutoff of 100
MHz and is designed to compensate approximately
for increase of sky noise and decrcase of cable at-
tenuation with decreasing frequency, 1t also reduces
the dynamic range requitements on the following
clectronics, particularly with respect to the strong
man-made interference below 30 MMz, The remain-
ing RIF and IF componcats arc relatively straightfor-
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ward. Each RF signal goes through two frequency
conversions. It is first converted up to an intermedi-
ate frequency (1F) of 170 MHz to provide.goad im-
age rejection. Then the signal is comverted to 10
MHz, where bandwidths between 0.1 and 3 Mz
can be sclected, The first focal oscillator (1.O) is
variable from 185 (o 295 MHz to sclect the appro-
priate operating frequency. ‘Fhe second LO is fixed
in frequency at 160 MHz,
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fem.

fiers are digitized in 2-bit levels and delayed in ran-
dom access memorics. All of the real-time delays are
controlied by the memory combinations, Phase ad-
justment between the channels 1s accomplished by
appropriate bit permutations, Finally, the digital sig-
nals are converted to analog levels and combined in
resistor petworks to form 7 E-W and 7 N-S fan
beams. Al fan beams are cross-correlated to form
49 picture clements around the pinmary direction for
which the arcay is phased. The instrument's specifica-
tions and capabilities are tisted i Table 1,

For compuarison, the total collecting area of the
clements in this array is cqhivalent to the geometri-
cal area of a 50-cm (165-11) dish at 100 MHz and o
250-m (BOO-ft} dish at 20 Mle. The conical spirul
has a constant gain with respect to an isatropic radi-
ator, and its collecting arca varies as the wavelength
squarcd. At 80 Mz the total collecting arca is hal{
that of the Culgoora array. The resolution values
given in Table 1 are approximate and depend on

IABH i, 'H’Y s;xmlxc.mom

I'requency range

15 10 125 Mz

Instantancons bandwidth
Total collecting arca
Resolution 20 Ny
100 Mt
Steering and frequency Lh.ln[:l"b
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taper and digital processing of the correlated output
and on the zenith distanee of the obscerved sources.

SINGLE ELEMINT CONSIRUCTION AND
OPFRATION

The basic building block of the array is the conical
log spiral antenna. Ideally this antenna would con-
sist of two conducting sheets wound on the surface
of a conc as shown in Figure 5. It is a self-conjugate
antenna with a characteristic impedance of [89 Q and
is fed by a balanced transmission line at its apex.

The clectrical and radiative propertics of this an-
tenna are as follows. First, the fow-frequency limit
of the antenna is determined by the size of the buse
of the spiral (circumference ~Ay,,, ) and the high fre-
quency Himit is set by the point at which the top of
the spiral is truncated and the accuracy with which
it-is wound, The Jow Trequency limit of the antenna is
exlended by terminating the base of the spiral with
a resistive load. Power that would ordinarily be re-
flected from the basc of the antenna is dissipated in

the load and the some impedance st the antenna
terminals is then maintained o very low frequencies.
At Trequencics where & 20 Ay, seme of the power
on the antenna s Jost in the sesistive Yoads before
it can be Tannched info space. Thereforc the Himit on
the operating fregueney is set’by the doss of efliciency
onc can tolerate. In principle, at keast, the radiation
pattern and the circularity of the pedarization should
not change at lower {requencices.

Sccond. the antenna is unidirectional toward the
apex and the politization is in the opposite scnse
from the opening direction of the sparal. e, a right-
hand (clockwise opening) spiral as wiewed from the
top radiates predominately a left cireular wave. The
far ficld radiation pattera is determined by the apex
angle of the cone and the piteh angle of the conduc-
tors. Considernbly more detail may be obtained from
other sources | Runnsey, 1966; Dyseon, 1965, Yl and
AMei, 1967, 1968]

T actuat practice the use of condwcting <heets is
very diflicult beeause of cost and wind resistance
for large antennas, A good approximation to a con-
ducting sheet can be made by using three wires, onc
at the Jocation of cach edge of the conductor and
onc in the center. Thus the clements im this array use
six coaxially wound spiral wires, threc connected to
cach side of the transmiission tine, .

Each clement in the array is phased by clectrically
rotating if-in 457 increments. Antenna totation is a
practical phasing scheme in this array only il the
polarization remains very nearly circular in all di-
rections ohserved. The conieal spiral antennas mect
this requircment quite well between  half-power
points of -their radiation pattern. Amenna rotation is
accomplished by winding the spirals with cight in-
stead of six wires and a diode swiech has been de-
vised to seleet six of the wites at amy piven time,
With the simplicity of (his phasing scheme comes
the disadvantage of pot having continuous rotation.
The phase error of any clement can be as much as
22.5° due to incremental phasing.

Figure 6 shows the appearance of the antennas
after the supports and switch cirewitry are added.
The diade switeh is inside the top of the contral pipe;
the signal passes through o balanced-to-unbalanced
transformer and is brought down the center of the
pipe with 75 @ caaxial cable.

CLEMENT GROUPING AND PHASING S(.'HEME}

The phasiitg within cach bank is accomplished by
rolating cach ciement, so there is no veal time delay
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added to the signals from individual clements. All
time delays are added to the 4% signal paths in the
central building.

The use of simple phasing as opposcd to delays
in the 15-clement banks limits the size of banks due
to cohcrence loss with wide receiver bandwidths.
One bank is approximatefy 100 m in length. This
results in a coherence loss of 9% with a bundwidth
of 3 MHz at a zenith distance of 45°, It is normally
much less with smaller bandwidths and zenith dis-
fances.

In actual operation a computer-controlled set of
power transistars supplics the phasing signals. Every
‘bank in cach arm is identically phased, and clements
with the same position in cach bank have their con-
trol wires connccted in parallcl. Also, the cast and
west arms are normally phased alike, so only 120
independent control wires are necded for the full
array (4 wires per clement times 15 elements per
bank times 2 independent arms).

Normally, equal lengths of transmission line would
be run to the 15 clements in each bank, but in this
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array the line lengths have been cut pseudo-randomly
to_reduce the array’s respofise o unwanted right-
circularly  polarized  radintion {Swenson and Lo,
1961]. The basic wdea i the following, Each clemoent
has a small response to right cireular polarization
(cross polarization ). When an clenment is rotated, the
phase of the right-hand polarized signal is changed
in the opposite ditection from that of the lefi-circu-
larly polarized signal. Lo, when the feft-polmized
phasc is advanced the right-polarized phase is re-
tarded. The result for an mray with cqual feeder
Iengths is thiat a “ghost beam™ is formed with. cross-
polarized radiation on the opposite side of the zenith
from the main beam. This ghost beam can be sub-
stantially reduced by stappering the lengths of the
cables feeding the clements in a bank of 15, Thus,
if a feeder cable is shorter than normal, the antenna
is rotated counterclockwise to retard the feft-potar-
ized wave to bring it hack into phase, In the process
the cross-polarized wave gets advanced by the shorter
cable and again by rotation and, in general, is out of
phase with respect to simitarly polarized waves from |
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other clements, Alse, after the signals tram the 48
banks are delayed and combined, the chance of hav-
dng a pencil beam fall in onc of the cross-polarized
ghost beams is gquite small.

As shown in Figure 2, the signals from the 15 cle-
‘ments in cach bank are combined, and the resulting
signat is amplificd approximately 36 db in a wide-
band amplificr. This preamplifier has a noisc figure

less than 4 db (400 K) and a bandpass cxtending.

from 10 to 140 MHz. It is particularly designed to
handle large interfering signals without producing
spurious infermodulation products.,

After amplification the combined signal enters an
air-fillcd coaxial cable of 1600 m length for trans-
mission to the central building. The loss o this cable
is propoftional to the square root of the frequency
and is about 25 db at 110 Mz, Even at the highest
frequency the preamplifier has adequate gain so that
.noise produccd by succeeding components has little
cffcct on the system noise figure. After accounting for
the loss in all the cable and transformers abead of
the precamplifier, the system noisc temperature is
1800 K at 110 MHz. At this frequency the sky noise
is about 1000 K so 7,,. + T, =~ 2800 K. The ga-
lactic background radiation (T,,) is approximately

roportional to 2% and thie losses shead of the pre- -
prop J

amplificr decrease in proportion o the square root
of the frequency, so below about 70 MHz the sys-
tem noisc is insignificant compared to sky noise.

ARRAY PATIERN CAlICULATIONS

To the authors’ knowledge, the use of incremental
phasing in lincar arrays for radio astronomy has not

Fig. 7.
ing (solid lines) compared to perfectly phased array pat-
tern (dashed lines),

15-clement array palierns with incremental phas-

been treated in detail,. A considerable number
fundimmental pattern caleulations had to be perform:
to assure the feasibility of the scheme. We had
determine the magnitude of the sidelobes generat:
by phase crrors up to 22.5° and calculate the co
fusion limits due to these sidelobes. The confusic
calcwlation was carried out by Fisher [1972].

For pattern caiculations the array is most cox
veniently divided into two levels. First, the clectr
ficld paticrn of a bank of 15 clements is calculaic
using incremental clement phases. Then the patter
of one bank is multiphicd by the array factor go
crated by isotropic radiators at the phase center ¢
cach bank to obtain the total response pattern.

To illustrate incremental phasing cffects, assun
that the clements are fed with equal Iengths of trans
mission line, Figure 7 shows two examples of cale
lated patterns resulting from incremental phasiu
(solid lincs). Superimposed on cach is a plot of
paltern with perfect phasing (dashed lines). Th
most important difference between perfect and incic
mental phasing in Figure 7 is that the zero crossing
arc not identical. Therefore, when the 32-clemer
grating response is multiplicd by the 15-clement pa
tern. the grating lobes which ordinarily would fall o
zeroes of the 1S5-clement pattern will no longer b
completely cancelled. Another way of looking at thi
is that there will be a periodic phase error distribu
tion in the array which repeats every 15 clements
This will create small grating responses with angula
spacings of (A/15d) radians, where o is the distanc
between individual clements.

The slight du;'gradalion of the main beam is a quasi- -
random function of direction so there will be about ¢
3% peak-to-pesk modulation of the response as the
array tracks a source, This is also a result of the ime
perfect phasing.

The randomized feed cable lengths mentioned
above do not introduce larger phasc errors, but they
do change the pattern obtained with a 15-clement
bank. Some of the patterns caleulated using the feeder
systenmt actually incorporated in the array are shown
in Figures 8 and 9. Equal and uncqual feeder sys-
tems give the sime average sidelobe level, so the
sidelobe and confusion calculations given by Fisher
[1972] are valid for the actual system although they
were made for egual feeder lengths, Incremental
phusing is nat the only source of phase crrors, but
it is by far the most important.



Fig. 8  Representative voltape pattern of incrementally

phased 15-clement banks at 28 Mz using stageered feeder

cable lengths (solid lines) compared to perfect phasing pat-

terns (sinc x. dashed lines). Only the amplitnde of the te-
sultant voltage vector is plotted (see text).

TOTAL ARRAY PATTERN

With unequal feeder fengths in the 15-clement
banks the clement phases are not antisymmelric
around the center clement, #8; c.g., the incremental
phasing crror of clement #7 is not necessarily equal
in amplitude and opposite in sign to the phase crror
of clement #9. As a result, the phasc center of the
15-clement banks can be displaced by as much as
0.02 wavclength (7°) from the center clement. Be-
ccause all of the hanks within an arm arc identically
phased. the phase center displacement produces no
additional phase error between the banks in onc arm.
The south arm is phased diflerenty from ‘the E-W
arms, so there will be a variation in refative phasc
of the combined signal from the south arm with re-
speet to the combined signal from the E-W arms,
This phase error can be caleulated in the controlling
computer’s phasing program and compensated by
adding a small phasc shift in. the signal paths from
the south arm,

Another cansequence of the asymmetric phasing
in the 15-clement banks is that the amplitude of the
voltage vector which is the resultant of the addition
of the IS5 signals docs not go through zero between

v
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si-lelobe maxima (see .l"ngznu‘\' Koand 9y, "Thiss and
the phase center motion, are esults of the incomplete
cancellation of the imaginay poart of the vector sum.,
In other words, the phase of the resultant vector
varics continuously from 07 1o 1807 but, after the
signals from the F-W and south arms are multiplicd,
the combined patterny in the cosine recciver output
will have zero amplitude ‘when the E-W and south
arm signals arc in phase-guadiiture.,

Note that the TS-clement patterns are voltage pat-
terns and that the pattero resulting from the correla-
ion of the E-W and sonth arm signals is a produoct
of two voltages. At a given direction in the shy the
array responsc is i vector product of the voltage re-
sponse of the E-W arm, the voltage response of the
south arm, and the individual clement power response
in that direction.

After compensating for phase center motion the
rclative phases of the signals from the 48 hanks will
be within a few degrees of the perfect phasing case
so the 32-clement graling response 18 o sine x =
(sin =xx)/(xx) patlern,

SIDET OBES
In principle, to get a complete picture of the side-
lobes, the array pattern should be evaluated for all
dircctions in the sky for all beam positions at many
wavelengths, This is a formidable task cven for a

Fig. 9.

Same as Figure K but at a frequency of 110 MHz.
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Fig. 10.

Total onc-dimensional array voltage pattern (solid linc).

The dashed eavelope is

the 1S-clement paltern,

high speed computer, so some simplifications arc
madc. )

Figure 10 is a representative plot of a portion of
the pattern of the full array (solid line). The dashed
linc is a plot of the 15-clement bank pattern. This
figure illustrates two of the three basic types of side-
lobes characteristic of this array. First, very close (o
the main beam arc the sidelobes typical of any uni-
form linear array. The first negative sidclobe (A) is
21% of the main beam, and the closc-in sidclabes
fall off to less than a few pereent about 8 beamwidths
away. This type of sidclobe can be reduced cither by
tapering the illumination of the array or by adding
a portion of the responses of 2 adjucent beams at the
zero crossings of the central pattern so as to cancel
the sinc x sidelobes {Perini, 1964]. Both methods
broaden the main beam slightly.

The second type of sidelobe (B) is duc to the
. imperfect phasing of the array. The zeroes of the
1S-clement pattern do not fall on the maxima of the
32-clement grating response, resulting in sidelobes
averaging about 5% of the main beam which occur
every 32 beamwidths on cither side of the main
becam. Below 50 MHz these are the most important
sidclobes as far as confusion is concerned.

Above 50 MHz the spacing of the individual ele-
ments is greater than onc wavelength, giving rise (o
primary grating responscs equal in amplitude to the
main beam. These will be treated as a third type of
sidelobe (C). The only method for reducing types B
and C is through the usce of a recciver bandwidth
large enough to reducc the coherence of the radiation
at the position of these sidelobes. Bandwidths of a
few percent are nceded to lower these sidelobes to
managcable levels for weak source observations.

It must be remembered that the above discussion
is only for the one-dimensional case, When the E-W

and south arms are combined, sidelobe responses oc-
cur wherever a main beam in onc dircction crosses a
significant response from the orthogonal arm. Figure
11 is a projection of the celestial sphere onto the
planc of the horizon wnd shows the positions of the
various types of sidelobes at 70 MHz, Figure 12 is an
cxpansion of the arca around the main beam.

TP IMPEDANCE CHARACTERISTICS

Because the conical spiral clements in this array
incorparate several features which have not been
tricd with these antennas before, it was imperative
that impedance and radiation characteristics be in-
vestigated before building 720 units. For practical
reasons the antenna impedance could not be mea-
sured directly. There was a length of cable, a trans-
former, and the phasc switch between the im-
pedance bridge and the antenna terminals. Since we
are interested in the operation of the total system,
the standing wave ratio (VSWR) and impedance
measurced through these components arc perfectly

valid provided the power loss in the individual com-
poncats.ds not more than 209 or so.

Significant stray reactances in the feed system arisc
duc to the physical Tayout of the diode switch inside
the central support pipe. These reactances were
measurcd and compensated- with small inductors in-
corporated in the switch. The combination of stray
and lumped reactances forms a ncarly symmetrical
low pass filter with a cwtoff frequency of about 250
Mz in scries with cach antenna wire,

Tigure 13 is a Smith chart plot of the antenna im-
pedinee as a function of frequency. The measure-
ment was made at the base of the TP and corrected
for delay in the 20-ft feeder cable. The maximum
VSWR cacountered is [.4: 1, which corresponds to a
reflected power loss of 4% . Ohmic losses in the
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Fig. 11. Projection of the 70 MUz TPT array pattein
onto the plane of the horizon. Beam sizes are not to scale.

transformer and switch are less than T db (20% ) and
the loss in the 20-t coaxial cable is 0.4 db (897)
at 110 Mz, When one takes the 75:200 impedance
transformer into account it is cvident that the char-
acteristic impedance of the antenna is close to 189 1,
which is the theoreticat value for a scif-conjugate an-
tenna. '

ANTENNA FEFICIENCY

Determination of the efficiency of a single clement
is very difhicult because it requires an absolute meas-
urement. There arc no isolated radio sources with
accurately known intensitics which are strong enough
to be measured with a single antenna. The next best
alternative is to compare the noise output of the TP
duc to the galactic background with that of dipoles
at two frequencies, This type of measurement does
‘not give the gain of the antenna in any particular
direction, but it should account for ohmic losscs
in the antenna and absorption of radiation by Jhe
ground. Since the galactic background is concentrated
in the galactic planc, this measurement has to assume
that the radiation patterns of the TP and dipole are
approximately the same and that the measurements
are taken at the same sidereal me, A hall-wave di-
pole, one quarter wavelenpth above a conducting
plane, produces a power pattern not too diflcrent
from that of the conical spiral antenna with which
it is comparcd, Because the galactic background is

CEARK LARE- ARRAY 395

LT

e~ 27 At 7O MHZ -~
© L
MAIN BEAM

s

rd
FIRST
INCREMENTAL  PHASING
SIDE LOBES

Fig. 12, Fxpansion of Fipnte 1 around the main beam.

Beam sizes are approximately to scale.

randomly polirized, the difference in polarization of
the two antennas should be of little consequence,
Hall-wave Tolded dipoles were constructed for
10 and 33 MUz The test procedure at 110 Mz
was to recard the total power from the TP for 24 hr
and then to repeat the observation using the dipole.

Fig. 13,
sion of the TP antenna correcled for delay in the feeder
cable.

Bmpedance characteristics of the production ver-
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The antenna temperature was calibrated by substiout
ing a noise source for the antenna at the preamplifier
input and recording a seties of noisc levels. The noise
output from both antennas peaked at the same side-
rcal time and the ratio of their outputs was approxi-
mately the same throughout the sidercal day. This
confirms the assumption that the two antennas have
nearly the same radiation patterns.

The dipole antenna temperaturesat similar sidereal
timcs, corrccted for cable losses, are plotted on Fig-
ure 14 as x's. The errar bars represent outside limits
on the uncertainty in reflection losses and calibration

_crrors. Other points on the graph have approximatcly
the same crror cstimate. The dipole measurements
fit the expected background spectrum as shown by
the straight line, The solid circles arc the TP meas-
urements which werc dircetly compared with the di-
pole values, The 110 MHz TP aiitenna temperature
is 20% = 209% below the dipole value and the 33
Mtz TP antenna temperature was 50% 2 20%
below the dipole stand:ird.

Ta get an cstimate of the efficiency of the TP at
other frequencies, its noise output was measured at
discrete frequencics down to 14 MEz, After correc-
tion for losses between the antenna and the preampli-
fier, the antenna temperatures are plotted as open
circles on Figure 14, These values w~re normalized to
agree with the TP/dipole ratios. Below 30 MHz the
sky noise increases less rapidly with decreasing fre-
quency, but the exact valuc of the intcgrated sky
temperature in the antenna beam is not known be-
causc it is very diflicult to take the effects of the
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wnosphere and ground reflections into account, The
canstruction of a lower-frequency dipole at Clark
Lake was impractical,

It can be seen frem Figmie 14 that the antenna
begins to lose cfficiency rapidly below 25 Mllz,
where a considerable fraction of the power is ab-
sorbed by the terminations, As o result the conical
spiral cfiiciency helow 25 MH7 is not well known.
The system temperature is still dominated by sky
noise down to at Ieast 12 MHz as is casily shown by
replacing the antenna with a 300 K termination and
noting the output noise fevel variation.

FEEMENT POWER PATTERNS

Many components of the clements were too small
to be scaled down in size by any significant {actor,
so all pattern measurements were made on full size
antenna clements. The most convenient  far-ficld
sources for the measurements were natural ones and
they were used for all of the pattern measuiements,

In order to discriminate against galactic hack-
ground cmission and to allow the observation of
discrete radio sources, an interferometer was con-
structed  of twa elements. The response of the
antenna clements as a function of direction was de-
termined in two stages. First, the azimuthal depend-
ence of the power pattern was delermined at several
frequencics by observing a radio source at a given
clevation on a series of nights with one clement fixed
and the other once rotated to a different position cach
night with the phase switch. The zenith angle de-
pendence was studied by comparing the apparent
strength of two known radio sources at different
clevations on the same interferometer fringe.

The two radio sources uscd in nearly all of the
antenna tests were Cassiopeia A o = 23 22m 8
587417 (1970)] and Cygous A [o = 19" 58" § =
407°36" (1970)]. Where the flux ratio of the two

i

- sources was needed, the spectra compiled by Viner

[1973] were used. Cas A is about 20 to 50%
stronger than Cyg A depending on frequency.,

The azimuthal pattern was measured at four fre-
quencies-and three zenith distances, and the results
arc showan in Table 2. With four independent sam-
ples at a given frequency and zenith distance, the
azimuthal voltage pattern can be approximated by
an cllipse. Table 2 pives the axial ratio of cach cllipse
{minor/major). The horizontal extent of the radiat-
ing region of this antenna is about A/, so it should
not produce structure in the azimuthal pattern with a
scale size of less than a radian. Thus the 45° samipling



interval should be adequate, Sice the values in Table
2 refer to the voltage pattern {nol power}, they are
a dircet indication of how the illumination of onc cle-
ment will vary as it is rolated.

One drawback to this mcthod ltar measuring the
clectric ficld pattern of the TP's is that the unwanted
right-hand polarization response contributes to the
fringe amplitude, This will cause very little error if
the right-hand interferometer response remains con-
stant in amplitude and phase as the antennas arce ro-
tated. The clectric ficld pattern in the right-hand
polurization prabably does vary in amplitude in dif-
ferent azimuthal directions, however, This may causce
an crror in addition to those quated in Table 2 of as
much as =0.07 at 110 MHz and 2:0.04 at other fre-
quencics.

Unless otherwise stated, the crrors guoted for the
measurements arc oulter limits on the possible range
of cach value. These limits, which take the signal-to-
noise ratio (snr) into account, are mainly derived

-from the estimaied reading crror on the strip charts
used to record the measurements and from experience
with the calibration accuracies and reproducibility of
the measurements.

As one might expeet, the azimuthal pattern is more
nearly circular at small zeoith distances, Also, the
pattern has a larger variation at 110 Milz, where the
antennais operating near its design limit, than it does
at lower frequencies. Naturally, we would like to
sample the pattern below 25 MHz, where the antenna
opuerates below its natural frequency limit, but man-
made interference prohibits the use of bindwidths
nceessary to get a sullicient snr using only two an-
tennas.

Mecasurement of the zenith-distance dependence
of the clectric ficld pattern was less straightforward.
A mcthod had to be devised to separate the observed
intensity variation duc to the antenna pattern from
that due to coherence loss when using a wide band-
width and antenna separation, '

For this measurement, the two central BE-W banks
of clements were used as the two components of a
phasc-switched interferometer, "This configuration
produced several N-§ fan beams which could be ju-
diciously placed so that only onc of the two test
sources was in a beam at one time. The coherence
loss Tactor was climinated by comparing the response
to Cas A and Cyg A in the same fan beam, Phasing
combinations were chosen so that the cight phase
positions were [airly evenly represented and the
azimuthal antenna pattern tended to average out.
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TANRLY 2 ,\\nl talios of z\/nnmlnl \nh.wc patierns.
Zenith (h\lnnu.ﬁ

Estinated
Freguency a° kb 42° crrors
2R NIy 0 R(x 0.93 1 87 +06.07
T45 Mty .97 0.9}  NRG +0.05
70 ML, 0,94 .95 .77 +0.04
.91 (1.R2 0.79 +0.07

TGO NS,

_ The azimuthal dependence should contribute an er-

ror of only ahout £5% to an individual ratio in the
woist casc. Also, care was taken to be sure that @
crass-polarization (right-hand) fan beam did not faif
on onc of the sources when a left-hand polarized {an
beam mcasurement was taking place. Thus, the cross-
polarized response caused no significant error in this
part of the antenna pattern sudy.

Adopting the flux ratios of Cas A and Cyg A given
by Viner [1973] at the several observed frequencics.,
the procedime was (o use o bootstrap technique (v
construct the zenith distance dependence of the an-
tena pattern, Ratios of response to Cyvg A and Cas A
on the same fan beam were measured for five Lo seven
fan beams at cach-of four different frequencies. The
response fo Cyg A nearest the zenith was assumed te
be unity and the relative value for Cas A, correcled
for it higher ftux, was plotted at its larger zenith dis-
tance as in Figure 15 By interpolating between the
first two poinds, the next Largest zenith-distance valuc
for Cyg A could be normalized and the power pat-
tern extended to larger 7 with the corresponding Ca:
A valuc. and <o forth.

As a point of interest, the above methad for meas
uring antenna patterns will work for any lincar arra:
of clements which have a pattern that is a surface o
rotation whose axis is perpendicular to the array axis
c.g.. an E-W array of N-§ dipoles.

FFigure 15 shows the zenith distance dcpcndcnu
of the TP power pattern at four frequencics. In cact
graph similar symbols refer to measurements of Cir
A and Cyg A on the samce fan beam. Cyg A is alway

-at the lesser zenith distance. The assumed flux ratic

a,of Cas A 1o Cyg A is given on ecach graph.

The ertors in the curves measured in Figure 15 ar
rather complicated in that they tend 1o accumulate ¢
higher zenith distances. The ‘initial responsc ratio ha
an estimated crror fimit of #:5% and the point &
largest zenith distance may be in error by *10%
The small scatter at large zenith distance indicales
fairly small ciror,

In interpreting the graphs in Figure 15, it shoul
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be rememberced that they show an average zenith dis-
tance dependence, and a plot of the power pattern at
a fixed azimuth will differ slightly from the average
curve. The most important result of these curves is
that they give the zenith distance 10 which the array
is uscful. It appears that the half-power point falls
at about 7 = 50°. At all but 110 MHz the zenith
distance dependence is fairly smooth. At 110 MUz
there is a roughly sinusoidal component with a 25%
peak-to-pcak amplitude superimposed on a smooth
curve with a half-power width of about 55°. This
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sinusoid could be expliined by a ground reflection
20 db helow the direct wave (10 in electric field)
from a ground planc 7 n below the phase center of
the antenna. This would mean the effective ground is
about I m below the surface of the dry lake. There
may be a wcak ground-reflected wave at the other
frequencics, but it is not possible to distinpuish its
cffect from the dircct-wave power pattern features.
In summary, the hall-power beamwidth of the
conical spiral antenna used in the TPT is about 100°
except near {10 Milz where the pattern is apparently
distorted by a ground-reflected wave. This ground re-
flection causes a secondary peak in the zenith distance
dependence of the power pattern at Z = 30°, The
variation of the antenna paltern in the azimuthal di-
rection at a constant zenith distance ranges from 1
dhat 110 MUz and Z = 45" 1o practically no varia-
tion at 45 Mz and 7 = 20" In no casc is the modu-
lation of the pattern in azimuth large enough to causc
unacceptable irregularitics in the array illumination.

CROSS-POLARIZATION RESPONSE

The cross-polarization response (response of the
antennas to right-hand circular polarization) was

-mcasured with the same observations which were

uscd o determine the zenith-distance dependence of
the antenni pawer pattern. As was explained in an
carlier section, the cross-polarized wave forms a
ghost beanm on the opposite side of the zenith from
the property polarized beam.

The amplitude of the right-hand polarized fan
beam was measured for at least four different posi-
tions in the sky for cach frequency. Its amplitude,
relative to the left-hand polarized beam, was some-
what dependent on the beam position. All of the
measurcnicnts were within 25% of the meridian, so
cohcrence and antenna pattern cffects were unim-

_portant. Table 3 gives the range or upper limit on

the relative amplitudes of the cross-polarized re-
sponses with respect to the left-hand polarized fan
beam. The detection limit of about 5% was set by
confusion with the minor sidelobes of the properly
polarized response,

As would be expected, the cross-polarizition re-
spoase is highest at 110 MHz where the antenna is

TABLE 3 Right hat polatized response relative to the

left-hand polatized response.

TIONMH, 70 MUz 40 Mz
1010200, <S50 107 <5t08%

Firequency
Respanse

20 MH:z
<&7%




working near its design limit, The wires from the
phasing switch to the spiral arc no doubt radiating
a significant amount of power which is fincarly polar-
ized. Possibly, at the other design limit below 20 MEz
the cross-polarization response will also be fairly bigh,

but it could not be measurcd because of strong broad- .

cast interference.

In a previous scction the method {or reducing the
cross-polarization response of a bank of elements us-
ing staggered lenpths of feed cables was outiined.
With unequal feeder fengths in bath banks, all of the
cross-polarized fan heams were below a 4% detection
Timit at all four frequencies. On the average, the
staggering of phases in the right-lund waves should
rceduce the unwanted fan heams by a factor of (15)'/2
provided the phase diflerence between the shortest
and longest cables is more than 2 radians. This ap-
pears to be confirmed by the measurements.

The difference in clectrical length between the
shortest and longest cables is about 11.5 m, so there
is not quite cnough phase scrambling below 20 MHz
to realize the full potential of the cross-polarization
reduction.  the difierence were made Jarger, the loss
diffcrential in the cables at 110 MHz would cause
excessive illumination irregularitics across the banks
of clements, creating sidelobes mon 2 difficult to climi-
nate than the cross-polarization responses. 1t should
also he noted that a farther reduction in the un-
wanted polarization is realized in the phasing of the
full array because the chance of having the overall
phasing carreet for hoth the main beam direction and
the cross-polarized beam direction is very small. The

right-hand polarized wave should  cause very few

confusion probicms.

PHASE MEASUREMENTS

To confirm that the 45° phasc-stepping system on
the conical spiral antennas does indeed provide the
proper phase increments, a pair of TP's were con-
nected in o phase-switched interferometer as in the
azimuthal pattern measurements. The fringe phase
of this interferomcter was measured on successive
nights with onc of the antennas rotated in steps of
45",

This teehnique was not completely definitive, how-
cver. There was no practical way to climinate the
response of the antenna to right-hand polarized radi-
ation. The cross-polarized inteiferometer  patiern
will cause an apparcnt phase shift in the fringes
measurcd with the above technique when the op-
positely polarized patterns arc near phase-quadra-
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TAREU L TP phase etror upper hinuts,

40 MLz 20 MH2z
<35° <7

Ho ML, 70 N,
<207 <y

Freguencey
Frror

ture. A 20%¢ cruss-polarized response will produce
an apparent phase error of up to 207, The values
given in Table 3. then, set upper limits on the ac-
curacy of the phase measurements.

Table 4 lists the limits on the phasc errors in the
conical spiral antennas as derived from these meas-
urcments. The sur and ionospheric sceing set a de-
tection limit of about 57 on the phase errors, and the
higher upper limits were due to the cross-polariza-
tion response. It cin be stated that no phase crrors
were measurcd which would not be consistent with
the crrois expected from the cross-polarization re-
sponse given in Table 3.

Thus far, all of the discussion of phasc errors has
been concerned with those produced by the indi-
vidual clements. There are further phase crrors in-
troduced by the (ransmission lines and amplificrs
which arc summarized in Tuble 5. Because the sig-
nals are combined in two siages, the phase errors
are divided info two proups: those associated with
the 15-clement banks and those occurring in the 48
signal paths from the 48 banks.

Two values are given in Table 5, the farger of
which is the outside limit on the phase deviation due
to cach component, In practice the phase deviations
are considerably smaller than the specification limits,
as is indicated by the rms valucs, Also, the phase
errors on items 2 through 6 are given for an operat-
ing {requency of 110 M7z with these errors decreas-
ing with decreasing frequency. Tt can be seen that
the largest phase error is due to incremental phasing,
as was assumed in the sidelobe caleulations.

TABLE S, Phase error budeet. Hems 2 through 6 assume a

ficquency of 110 M1z

1 S-clement bank

Tt .S
1. Incremental phasing 4:22.5" £13.9°
2. Cable, switch, and tramformer 4:5° +2°
1. Power combiner +5° 42"
ms fotal +14.1°
4R signal paths
4. Preamps 45 +2°
5. High pass Biltes 48 27
6. Cables 4:2° %x1”
7. RF and IF clectromnics +5° +4:2°
8. Digital defays - +5° +2°
) rins total +5.8°
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PROTOTYPE T QPERATION

As an initial check on the performance of the
full T, the central three banks of clements were
combined as a protatype T. This formed a small
telescope of about 200 m cficctive aperture which
includes the central region where the arms may in-
teract. Most of the difticultics in the operationof a T
usually occur in this central region. A few beam po-
sitions were tricd at cach of the four test frequencies,
and the results were as predicted. The pointing ac-
curacy was within limits sct by the incremental phas-
ing and the sidclobe level was no higher than ex-
pected. '

A morc dctailed analysis was done at 70 Mlig,
where the best snr was obtained with moderale to
low ionospheric scintillation levels. Figure 17 shows
7 drift scans of Cyg A at dilferent beam positions,
No attempt was made to maintain receiver gain cali-
brations over the 7 nights, so the intensities should
not be compared directly. The expected beam posi-
tions as indicated by the tick marks in Figurce 17 co-
incided with the measurcd values within the timing
accuracy that could be obtained. Some cxamples of
ionospheric intensity scintillations are scen in the
drift scans. Obscrvations 4 and S arc virtually un-

LSt
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— v
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MSTANCE FROM
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-3°

Fig. I;I. Drift scans of Cygnus A through the
prototype T beam at several beam positions. Points
on 4 and 6 are caleulated values.

affected by the jonosphere while peak-to-peak scin-
tillations of up v 20 are scen on other nights,
The agreement between caleutated and obscrved pat-
teras is excellent.

OPERATIONAL TESTS OF THE FULL APERTURE

The 48 coaxial feed lines, preamplifiers. slope fil-
ters, and postamplificts were next installed. The
cables were buried at a depth of about 1 m. but were
brought above ground at cvery splice. Al cables are
pressurized with dry air. The relative attenuations
and clectrical fenpths of cach of the 1600 m cables
were found to remain identical at all frequencics and
outdoor temperatures within the accuracy of our
measurcments, about 0.2 db and 20.3 cm, respee-
tively. The absolute attenuation of the cables varics
with underground temperature, as expected, and in
the calibralion of observed intensities it will be
necessary to correct for this cffect. The cables and
other components appear to operate within the error
budget given in Table S, so we should expect the full
aperture to operile in accordance with theary.

The center element of cach bank was constructed
and each was connected to a preamplifier and feed
linc, E-W and N-§ grating arrays were thus formed.
They yield the full -angular resolution of the final
system, but have large grating responses and only
I/15 of the final array's collecting arca. As accu-
rately as we can mcasure, these arrays. produce the
expecied response of a uniformly jlluminated aper-
ture. Below 50 MHz, these response pattern measurce-
mcents are accurale to a few pereent; above 50 Mz,
all of the stronger radio sources are partly resolved
by the arrays and the interpretation of the observed
proliles is complicated. In fact. the arrays arc being
used for some measurements of the angular structure
of strong sources. )

The E-W peating array has also been correlated
with the completed central, E-W banks of clements.
This process climinates all grating responses cxcept
the onc that falls within the pattern of the banks of
clements. The clement banks are pointed under com-
puter control and their response pattern can be
placed on any of the grating lobes to form single N-S
fan beams, By taking successive drift scans across a
piven source at iy zenith distances, the data
shown in Figure 15 have been checked. These newer
patliern measurements are shown in Figure 16, In all
cases, these patferns represent reasonable interpola-
tions between those shown in Figure 15.

The E-W arm of the instrument is now complete



and in full operation, The N-S arm is nearly finished
and the clectronics system will siext be completed.
The grating arrays mentioned above are being uscd
for studics of solar bursts, while the E-W army is
being employed in multifrequency observations of
the quict sun, X-ray sourccs, supernpova remnants,
and other objects. An cxample of solar burst data,
and the output spectrum of the system, is shown in
Figurc 18.

All data indicate that (he completed system will
operate.as planned, so its construction is procceding
as rapidly as funds will permit. During the next few
months, as the system comces into operation, a
powerful new instrument will be available to the
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Fig. 18. Swept ficquency records of solar radio emission

using 32 elements spanning the full E-W apetture.
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astronomical comnmumity, We will welcome visitor

usage of the systens,
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